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Abstract
Behavior of composite beams with headed

stud shear connectors subjected to monotonous
and displacement controlled non-reversible
repeated loadings has been evaluated through
studying influences of the cross-sectional
proportioning, the degree of partial interaction,
and the level of ductile deformability in the post-
yielding stage, in addition to the state of loading
(whether monotonous or repeated). Eleven one-
third scaled composite beams (with their push-out
segments) were manufactured and tested in five
pairs (each comprising the two loading cases
representing one varying studied parameter)
beside the single standard composite beam
dedicated to verify accuracy of the test results by
comparing them to the prototype ones (three
authorized experimental and analytical
investigations) where no distinction (other than 7
% difference) between the results of the three
authorized refereed investigations (experimental,
analytical and Eurocode) and the present one.

Regarding the flexural resistance in repeatedly
loaded composite beams, it has been found that
lowering the neutral axis (by adding bottom steel
plate) has significantly increased the beam
flexural resistance by an average of 24.7 %.
Meanwhile, the intensity of headed studs
distribution in stiffened repeatedly loaded
composite beams has revealed a vital role in
controlling the severity of the post-ultimate
flexural weakening, where decreasing number of
the headed studs to the half has increased the
value of that unfavorite parameter by 160.58%.
Furthermore, that specified decrease of headed
stud intensity has lowered the advantageous
residual cyclic flexural ductility by 19.37 % and
11.48 % without and with stiffening bottom steel
plates, respectively. Regarding the effect of the
lengthening the headed stud on behaviour of the
repeatedly loaded composite beams it has been
found that lengthening the medium-length headed
studs by 72% has raised the flexural stiffness by
41.1 %, while it has decreased the residual cyclic
slippage index by 54.3 %.
Keywords: Composite Integrity, T-beams,
Periodical Loadings, steel plate, shear connector,
fracture pattern.
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1. Introduction

The steel and concrete are the two most
vastly used materials in construction, especially
for multi-story buildings and bridges. In
composite bridge decks the efficiency of the shear
connectors may be reduced due to withstand
repeated or cyclic stresses. This phenomenon of
decreased resistance of materials to repeated
stresses is called "fatigue”, and the material test
by the application of such stresses is called fatigue
test. There are two kinds of fatigue testing:
endurance fatigue test and residual strength
testing:

e Endurance testing: Endurance fatigue
testing focuses on the endurance of a
structure or component, i.e. how long the
test specimen will last under cyclic
loading. In most endurance tests the peak
load is kept constant and a cyclic load of
constant loading range is applied to the
specimen. After N cycles the strength of
the specimen has reduced to that of the
peak load and failure occurs. The number
of the cycles to the failure is called
endurance.

e Residual Strength Based Procedures:
In the endurance based testing procedure
a fluctuating load is applied after a
number of cycles of a certain range the
component fails at the peak load. This
peak load is lower than the static
strength, which clearly indicates that the
strength of the component has decreased
during the repeated loading. In the
residual strength based procedure, a
specific loading history with a certain
range are applied to the component up to
failure. From this a so called failure
envelope, a curve describing the loss of
static strength, is plotted.

Research  Significance

Scope.
Only few researchers have studied the effects of
low-cycle fatigue on shear connectors. Almost all
of the literature on the fatigue life of a shear
connector has been based on the assumption that
the shear connectors behave elastically under
cyclic loading. This assumption is correct for most
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bridge spans. However, in long-span bridges or
bridges with partial shear connection the shear
connectors near the supports may deform beyond
the elastic limit. The resulting effect is that those
connectors will fail at a lower number of cycles
than predicted using the elastic assumption.

The scope of this research is to study the behavior
of composite steel-concrete beams under
monotonic and repeated loadings. Hence, its main
objectives are: Investigate their fatigue resistance
and the failure modes that occur, inspect the
performance of shear connectors during loading
cycles, give an insight into the efficiency of
partial interaction at interfaces, them evaluating
the integrity characteristics, making a verification
study using dimensionless analysis based on
augmenting large-scale model, to prove the
reliability of the tested full-scale physical models,
and analysis, discussion and assessment of some
special flexural parameters and integrity indices
specialized in the periodic repeated loading.

2. Experimental Parameters and

Diversity of Test Beams.

The variety of the manufactured scaled
composite beams (consisting of eleven composite
beams designated as CB-1- to CB-11- is based on
the experimental investigation which founded on
some principal parameters which are: the
dimensional proportionality which controls level
of the centroidal axis (whether within the concrete
flange or below), this has been conducted by
optional addition of a firmly attached wide bottom
steel plate, degree of partial interaction, through
variation of spanwise spacing of headed stud
shear connectors, level of ductile deformability in
the post-yielding stage, by varying lengths of the
headed studs, and type of loading, whether
monotonous or repeated, with latter being of
various numbers of load cycles. Hence, the
geometrical properties and the constitutional
features upon which the manufactured composite
beams were classified have load the diversity of
the composite beams (eleven composite beams)
identified in Table 1 below.

2.1 Details of Beam Specimen.

Scale of the simply supported composite beam
specimens was approximately 1:3 of the
composite beams submitted by Chapman and
Balakrishnan (1964). Each beam consists of a top
reinforced concrete slab, interconnect to an
underneath steel I-section by headed stud shear
connectors outstanding from the top flange of the
steel I-section. The beams spanned 2000 mm with
an I-section steel member of 100 mm depth, 4.3
mm flange thickness, 57 mm flange width and
3.65 mm web thickness, with the reinforced
concrete slab being of 50 mm thickness and 400
mm width. The geometry and the details of the
test specimens are shown in Fig. (1). If a firmly
attached bottom steel plate - by welded - is used,
it will be then of 80 mm width and 5.22 mm
thickness.

100 mm

1800 mm 100 mm

L, a
400 mm
)
{
@4 @ 50 mm
| }' = - = ] 50 mm
@4 (@ 100 mm
3.65 mm -— 100 mm
4Amm T I

57 mm

Figure 1: Typical simply supported beam
layout (All dimension in mm).

2.2 Push-out Test Segments.

With reference to Fig. 2 and Plate 1 two
standardly — proportional push-out segments (each
for one used headed stud length) have been
manufactured and tested. Arrangements for these
tests were as per Eurocode 4 and 1S: 11384-1985
but with scaled down by 1:2.6.

Table (3-1): The diversity of the manufactured test composite beams.

No. of
studs

Stud™® overall length
(mm)

Specimen
No.

Spacing in pairs
(mm)

Bottom steel
plate

Type of loading

20 38 100 50

CB-1-®
CB-2-

40

80 Monotonous

Repeated

CB-3-
CB-4-

CB-5-

CB-6-

CB-7-
CB-8-
CB-9-

CB-10-
CB-11-

W Smgle load (midspan concentrated load).

@) Unified shank diameter of 3.8 mm for all headed studs was used.
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Figure 2: Push-out segments arrangements
and geometry.
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Plate 1: Push-out segments molds.

3. Testing Program.

3.1 Test Setup.

The supports and loading systems are the two
main constituents of the present test set-up. The
two supported ends of the all test specimens used
in the testing program were fixed against vertical
movement only by using rigid steel rig attached to
the loading frame located to achieve a distance of
1800 mm center to center of support, put the
supported very close and also used very thick
plate to achieve a suitable base for push-out test,
Plate (2) show a composite beam and push-out
segment, respectively in their supporting and
loading arrangements.

T ; i
Stud Sher Connectors !

E

Plate 2: Typical test of composite beam and
push-out segments.
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3.3 Loading Process.

The test was controlled by displacement of the
LVDT. Displacement control was used for the
monotonic and repeated loading tests. The
monotonic and repeated loading tests were
conducted at a displacement rate of 0.005mm/s.
The testing program was performed such one of
each two similar test composite beams
(representing one vary studied parameter) was
tested under a monotonously increasing load,
while the other under a periodically not reversing
load (i.e. repeated loading) with a constant
specified history for the five test composite beams
involving repeated loading. That repeated loading
history is shown in Fig. (3).

Loading history

1684,

one cycle

Figure 3: History of the repeated load

3.3 Data Recording:

the recording of the loads, displacements and
lateral slip have to be started since the instant at
which of the hydraulic jack came into contact with
the specimen, where the first data record was
equal to zero. In each repeated loading test, when
the hydraulic jack was up to the required
displacement, it was stopped then the stage of
unloading was started and the hydraulic jack
returned to the initial position where the read data
of load was zero. Through all this stage the
control system maintained all data recording for
load and displacement. Then the second cycle was
started followed by the third, fourth ... etc but
with new group of required displacement for each
phase of loading and unloading.

4. RESULTS
4.1. Test Results of the Minor

Specimens (Push-out Segments):
The load-slip relation for the two push-out
segments is shown in Fig. (4), where the age of
concrete at testing was 28days and its
compressive strength was 68.3 MPa. From the
two curve that shown in Fig. (4), the following
output data are extracted:
e The first push-out segment embracing 20
mm length headed studs: the maximum
shear resistance was 4.6658 kN per stud and
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the maximum slip at failure was 2.2589 mm.
The failure mode was stud failure.

e The second push-out segment embracing
38 mm length headed studs: the maximum
shear resistance was 7.22 kN per stud and the
maximum slip at failure was 1.8245 mm.
Finally, the failure mode also was stud
failure. Plates (3) show the two push-out
segments before and after testing.

—— }imes Length of
Beaded vrd

X0 e Length of

. _ﬁ-ﬁ..“ﬁ\ _;tded stad
: et \

\

o6 69 12 1Y IE M 14 1 j 13 18

VIRTICAL DISPLACEMWENT S (MM

LOAINEN

Figure 4: Load-slip relation for the segments.

Plate 3: The first and the second push-out
segments (of 20 mm and 38 mm length headed
studs) subject to the standard test. (a) at of load
application (b) at failure.

4.2 Presentation of the Prime

Experimental Results:

The composite beams CB-1-, CB-2-, CB-4-,
CB-6-, CB-8- and CB-10- were subjected to a
vertical monotonic load until they exhibited
severe damage where test results of each of those
beams represent an independent parameter in the
present comparative study. The age of concrete of
the top flange in the tested composite beams at the
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time of testing was 28 days and the average of the
compressive strength of concrete was 70.54 MPa
(high strength concrete).

The load versus deflection beneath the load
relations of the composite beams are shown in
Figs. (5) and (6), while their load versus relative
end slip relations are given in Fig. (7) and (8).

60

= 0ar-Deflection
Refation for CB -1-

50

40

Load (kN)
-

1 T —

0 5 10 15 0 25 30
Deflection (mm)

Figure 5: Load versus midspan deflection
relation for the monotonously loaded composite
beam CB-1-.
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Figure 6: Load versus deflection relation for
the monotonously loaded composite beam CB-2-,
CB-4-, CB-6-, CB-8-, CB-10- respectively.
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Figure 7: Load versus relative end slip
relation for the monotonously loaded composite
beam CB-2-, CB-4-, CB-6-, CB-8-, CB-10-
respectively beam CB-1-.
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Figure 8: Load versus relative end slip relation
for the monotonously loaded composite
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4.2 Irreversible Periodic Loading Test

Results:

The construction composite beams CB-3-, CB-
5-, CB-7-, CB-9- and CB-11- were tested under
irreversible periodic (i.e. repeated) loads as per
loading histories shown in Fig. (3), where the
results of each of those specimens represent an
independent parameter in the present comparative
study. The age of concrete of the top flange in the
test composite beams at the time of testing was 28
days and the average of the compressive strength

of concrete was 70.05 MPa. The load versus
vertical deflection beneath the load relationships
of the five specified composite beams are shown
in Fig. (9) , while their load versus relative end
slip relationships are shown in Fig. (10).

4.2.1 Failure mode: The composite beams
subjected to either monotonous or displacement
controlled non-reversible repeated loadings have
all reached their limit states due to failure of the
headed studs.

Defflection (mm)

Deflection (mm)

Deflection (mm)

Figure 9: Load versus vertical deflection beneath the load responses till for the composite beams
loaded by irreversible periodic repeated load as per attached loading history.
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Figure 10: Load versus relative end slip relation for the composite beams CB-3-, CB-7-, CB-9-, and
CB-11- respectively, loaded by irreversible periodic repeated load.

5 Verification Study:

The wuse of scale models in structural
engineering offers the advantage of simulation for
any component in a practical composite structure
under controlled conditions, as it predicts the
fundamental mechanisms operating in those
components of the systems being investigated.
Hence, the scale physical model has a more
economical preference than the corresponding
full-scale prototype. However, accuracy of the test
results have to be verified by comparing them to
the prototype ones in order to get a quantitatively
reliable insight into the behavior of the composite
system being investigated thus enabling the
structural designer to benefit from such results
and conclusions in practice.

5.1 First Respect of Verification:
Correlation between Responses the Scaled
Test Model and Full Prototype:

The evaluation of the accuracy and the assessment
of the reliability of the test results of the present
typical scaled composite beam - selected for
verification purpose — have been based on a non-
dimensional correlation with results of two
investigations on a specified full size composite
beam synonymous to the selected scaled test beam
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of the present verification study. One of those two
reference investigations - on the specified full size
composite beam — is an experimental one, while
the other is a theoretical. Identification for each of
those two reference investigations is given herein:
(1) the experimental reference investigation; the
work of (Chapman and Balakrishnan, 1964): who
carried out a series of experimental test to
illustrate the behavior of composite beam. (2) The
theoretical reference investigation; the work of
Hama (2014) which is solely based on the solution
of Al-Amery and Roberts where the basic
differential equations of equilibrium and
compatibility were reduced to a single second
order differential equation in term of interface slip
between concrete and steel. Then, in order to
considerate the nonlinear behavior of steel,
concrete and shear connectors. The exact solution
was obtained by considering appropriate boundary
conditions according to load types and location.

5.1.1 Results and Assessment of the

First Verification Respect:

With reference to Table (2), which shows the
absolute - dimensional — values of the ultimate
load and its accompanying midspan deflection,
then the correspond dimensionless values as
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obtained by the two reference investigations (one
is experimental and the other is theoretical) beside
those of the present selected typical scaled test
composite beam, very high agreement is obtained
as none of the differences between the various
dimensionless outputs and those of the present
scaled test beam, exceeds 5%.

5.2 Second Respect of Verification:
Comparison between the Results of the
Present Scaled Test Beam and the
Eurocode 4 Analysis Method for
Composite Beams:

In this part, a typical composite I-section beam
is analyzed in the aspect shown in Fig. (1), using
the materials specified in the tested composite
beams. For the present typical scaled test
composite beam model selected for verification,
the analysis procedure runs in the sequential steps

[1].

Table (2): The sctual 2nd the dimensionless vales of the ultimete load and deflecticn extracted from the too refereed
investrgations in addinion 10 the scalad model of the present verification srudy and the comespending multipliers.

Dimensionless Difsate oad Dimensionless Ulimate
Deflection
Acmal (e Actual Ultinuste i
Uit | § ° § % ; 5 s |8
2 2 & 2 |Deflection(mm) | = : B
Ladfd) £ | 3 |2 = | ° |8
3 L& = 2
Chapman and I
Balakrishnan's 53 6705 149 75 10208 | 347
prototype (1564)
Theoretical nonlinear E
apS A oo ()5 oae | s R CECRRERT
Reference large scale B
piysicalmodel | 5, 9155 | 159 0% | o
(preseet study)

5.2.1 Assessment of the Second Respect
of Verification:

The results of ultimate load behavior of
composite beam according Eurocode 4 (based on
Johnson’s Analysis and Assumptions) gives very
close agreement with the results of the typical
present scaled test composite beam for
verification as the difference is less than 7% in the
ultimate load carrying capacity or the
corresponding deflection.

5.3 Concluding Remark:

Based on the outcomes of the two respects of of
the verification study on the accuracy of the
present experimental investigation, it is concluded
that present experimental investigation is quite
accurate where no distinction between the results
of all the four investigations (three refereed and
the present one) can be extracted.

6. Interpretation, Analysis and

Discussion of Results

In this part, provides an extensive overview for
the interpretation, analysis, discussion and
assessment of the experimental test results
presented in detail in the previous paragraph.

6.1 Pure Shear Performance of the
Headed-Stud Interfaces.

Determination of shear stiffness and the energy
absorbility (represented by modulus of shear
toughness) are of importance for engineers who
are involved in performance evaluation of stud
shear connectors. Those characteristics as
obtained experimentally are given in Table (3)
and the effect of shank length of headed stud on
its shear stiffness and modulus of shear toughness
with their percentages of variation are shown in
Figs. (11) and (12), respectively.

Table (3): “Shear Stiffness™ and “Modulus of Shear Toughness™ per headed

stud for the two push-out segments comprising headed studs of diverse shank
lengths™.

Headed Stud | @ | Slipal | K® |MOSIO
Shank (kN) | Ultimate |(kN/mm)| (kN/mm)
Leng(h Stage
(mm). (mm)
1 20 4.66 2258 44629 8.1789
¥
i
EEZ 2 38 122 1.824 51277 174389

1 As per the graphical load-slip relationships (per headed stud) shown in
Fig.(4-2) for the two push-out segments.

@ Ultimate load per headed stud.

B shear Stiffness” per stud, which is equal to the numerical result of dividing
0.5 P, by the value of the accompanying displacement.

4 “Modulus of Shear Toughness™ per stud, which is equal to the area under
the curve of (shear force per stud versus slip) for the test of the relevant push-
out segment presented m Fig. (4-2).

% of Variation % of Variation

17 4389

£.1789

4.4 X

]

4 [
K MOST

Woeg (1), Wieg (2]

Figure (11): Effect of the Figure (12): Effect of the shank
shank length of the headed length of the headed stud on its energy
stud on its shear stiffness in -~ absorbility (represented by modulus of

push-out test shear tonghness) in push-ont test

6.2 Performance of the monotonously
loaded composite beams:

The comprehensive interpretation of the
drawn experimental results for the six test
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composite beams monotonously loaded up to
failure are given in Table (4).

The addition of a firmly attached wide bottom
steel plate causes an increase in the ultimate load
capacity and average flexural stiffness in both
cases of high and low intensities of the headed
studs distributions. However, such stiffening
causes considerable decreases in the average anti-
slip stiffness attaining 40.1 % for abundant headed
stud provisions.

2% of Variation

+39.6 ’ +51.2
140
140
. 120
130 G
100
100 a
2 s0 g e :
£ oo & oo 2
40 a0
20 0
o o
Flexural Resictance Flexural Revictance
=CB -2 WCB-4 " CB -6 CB -8

Figure (13): Effacts of the proportions of the cross.
ion (dependent on 1 by &
plate) on the flexural resistance (represented by the
1 load cap v Pu) for the
loaded test composite beams

steel

The ultimate load capacity and the average
flexural stiffness of the composite beams decrease
with decreasing the number of headed stud shear
connectors (from 100 to 50 headed studs).
Excepted from that finding is the average flexural
stiffness of the composite beams provided by
firmly attached wide bottom steel plates and few
numbers of headed stud shear connectors where
the decrease is limited to 14 %. Such decreases in
the degree of partial interaction cause a reductions
in the average anti-slip stiffness.

% of Variation

-23.8 -17.4
140 140
g
120 120 o
=
100 100
Z' 80 g = 80
=) g =)
ao 60 - Az 60
40 40
20 20
o 5}

Flexural Resistance
CB-2 WCB-6

Flexural Resistance
CB-4 W CB-8

Figure (14): Effect of the shear-connection
intensity (i.e. number or spacing of stud shear
connectors) on the flexural resistance (represented
by ultimate load capacity Pu) for the monotonously
loaded test composite beams._

It can be clearly concluded that the increases in
the overall lengths of the headed stud shear
connectors lead to lowering values of the ultimate
load capacity and the average flexural stiffness
2.22 % and 11.05 %, respectively. Meanwhile,
such increases (in the headed stud length)
effectively raise values of the average anti-slip
stiffness up to 53.04 %.
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Table (4): Comprehensive inferpretation of the drawn experiments] results fog the s test
couposit beas wonotouously loaded p to fithure

Flexurnl Bebavior

Integrity Level
S| AR

5

Mark | p® | RO [B/P,

&% | 49
T e

(mm) | (um)

IFSY | AFS® | D9 | 4,0
(N/mm) | (N/enm) | (Ratie) | (1)

01654 | 4924 | 0.8157| 66898 | 1598 | 6.0039 | 30813

(753 O VR POV DY N U
§4727 10034 0501992083 | 1789 | §7381 | 56087

23886 | 075 | 656833 | 213066

LMI5 03 |334666 39633

112832 140.08 | 0.80%4) 11294 | 185 | 0.9809 | 75352 | L6450 0.7 | 20011421 265371

651445 TEAD | D.B516) BS4ET| 1398 | 12007 | BATL | LI 7D | 1062361 19.4166

14316 L1567 | 09018| 56437 | 1346 | 10.8163| 8.3936 | L3957 | 13 | B8.9767 | 103338

CB-10

634 TAT9 | DR4ED| G3831 | 1537 | 67612 | 48650 | 16380 | 046 | 1623869 334130

O Wit referencs o Fig, (31

@ Apglied lood and doflaction atthe stage of yieMding of the ste2 I-beam botioen lange (L. at end o the inear stage).

01 Apylied loed ard deflection at the allimate stage

O Tmithal flevura! stiffness which is equal to the shope of the linear {initial) stae of the load-deflection curve for the
speeied beam [Figs,[4-3) and (44)]

O Average flenmal siffress = Byt

1 Flemura] ductiliy = A4,

(7 Relative boriznate] and lip o4 stoel-conorete interface a1 ultimat stage.

M Averape anti-slip stiffness = P,

6.3. Performance of the repeatedly
loaded composite beams:
The flexural behavior and the integrity state,
where some principle physical and mechanical
interpretations have been carried out on the
directly measured response of the eleven laterally
loaded test composite beams to introduce
specialized properties within those two main
phases. They are all presented in Table (5).

Table (5} Interpretation of (e drawn eaperimentl resulls or (e Gve fest composie beams subjected o displacement
controlled poeereversed repeated kadima ™.

Flexurs! Reaavicr Tntegriry Stare
PLEY

Deam |ULH
Mark®) Cyele | Cyee | P, Poy @ PUFW | 4,79 | AFS™ | 43y | RCFDA | 4,70 | A4SST | 85,00 | ROSTH
No. | N @V @Y | {4 | (o) (kNimm) (o) () | (/o)

CB3-| 7 | I |TR76) TH66 | 647 |11M) G0 | 1376 | 1450

B | 265 | 16

CBS-| 7 | 11 |5R63| 8004 | 1266 | 159 | 7aR5 | IRI58| 1306

CRI-| 11 | 11 |7iS3) T2 | 426 1288 AON | 1503 | 1160 | 048 | 16181 | 15 | 31

By 7|1 091007 039 ILG42| LIS | 00| 10231 | 271 | 18

(0518 T O|TA2L) TISE | 3R2 (9035 RN | 99 | OGS | 07 | o602 | 1 |48

U s per the displacemene hetoey showin g (41).
AW reference to Tabke (3-1)
: repeated displacement Hisery) which facludes e atimare boad

y sepeetel diplarement by winch mchads vt decay of e patial meton.

1 The i (e, ultmsal) o valbe s s comespondtig dellction e,

 The boad valne (2 che P LF) eyl at mecans of he 2ot pamial iveracsion dacay. and s comespondieg deflertnavalie
" Perzaazgs of the ‘Poss Uhtimate Flewonal Wescerng™ [(B," - 25,1/, ] 100

" Arerage Flmual S6ffness™= 2,4,

5 Resdal Oyl Flenaral Ductifin™ = 4,,,'/1."

0 R oeinoaral end slip at asd-comersse
e A Shp Saifoes™= 7'/,

™ Relaie bosiraal eod slipat ool coneree inserce (containing headed stk that accomparies oz and s’

5 el Cycle Shppage nbe ™= Gy,'/5,

o headed erad| h

6.3.1 Flexural Resistance (represented
by ultimate load capacity Pu*) of
Composite Beams Subjected to
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Displacement Controlled Non-reversible
Repeated Loading:

Addition of a firmly attached wide bottom steel
plate causes an increase in the ultimate load
capacity (Pu*) in both cases of high and low
intensity of headed stud distribution.

% of Variation

+15.2

+1242

Py’ (1N)

98.630

Flexural Registance
u(B3 mB5

P’ (kN)
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0
€0
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0
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0

96.360

77.530

Flexural Redstance
B7 nBS

Figure (15): Effect of the proportions of the cross-section (dependent on strengthening by
bottom steel) on the flexural resistance (represented by ultimate load capacity P.") for the

composite beams subjected to displacement controlled non-reversible repeated loading.

Effect of the degree of partial interaction was
very small, where decreasing of the number of
headed studs from 100 to 50 headed studs causes
a slight reduction in the ultimate load capacity not
exceeding 1.56 % in the normal - unstiffened case,
and 2.3 % in the superior case of stiffening by a
firmly attached wide bottom steel plate.

It is observed that the excessive increase in the
lengths of headed stud shear connectors causes
slight reduction in the ultimate load capacity not
exceeding 4.26 %.

The ultimate load capacity of composite beams
subjected to displacement controlled non
reversible repeated loading are lower than the
ultimate load capacity of similar beams subjected
to monotonously applied loading.
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Figure (16): Effect of the type of load (monotonous or repeated) on the flexural resistance
[represented by ultimate load capacity Puor Py"] for the test composite beams.

6.3.2 Post-Ultimate Flexural Weakening

(PUFW):

Close inspection clarifies that the addition of a
firmly attached wide bottom steel plate causes an

increase

in

the percentage of post-ultimate

flexural weakening in both cases of high and low
intensities of provided headed studs.
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Figure (17): Effect of the proportions of the cross-section (dependent on strengthening
by bottom steel) on the percentage of post-ultimate flexural weakening (PUFW), for the

composite beams subjected to displacement controlled non-reversible repeated loading.

The post-ultimate flexural weakening of
composite beams decreases with lessening the
headed stud shear connectors by 34.15 % for
unstiffened composite beams, while the addition
of a firmly attached wide bottom steel plate highly
increase value of the post-ultimate flexural
weakening upto 160.58 %.

The percentage of post-ultimate flexural
weakening (PUFW) of the composite beams
decreases with increasing overall lengths of
headed stud shear connectors.
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Figure (18): Effect of the overall length of the headed stud shear connectors on the

percentage of post-ultimate flexural weakening (PUFW), for the composite beams

subjected to displacement controlled non-reversible repeated loading.

6.3.3 The Average Flexural Stiffness:

It is observed that addition of a firmly attached
wide bottom steel plate to composite beams
subjected to displacement controlled non-
reversible repeated loading causes an increase in
the average flexural stiffness.

Very small effect of the degree of partial
interaction on the cyclic flexural resistance
(represented by average flexural stiffness; AFS)
without addition of a firmly attached wide bottom
steel plate not exceeding 0.88 % is detected. On
the other hand, lowering the degree of partial
interaction causes a significant increase in the
flexural parameter attaining increase 34.85 % due
to the addition of a firmly attached wide bottom
steel plate.

The average flexural stiffness of the composite
beams effectively increases upto 41.1 % with
lengthening the headed stud shear connectors.
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The general impression of the effect of the non-
reversible repeated loading is a moderate increase
of the cyclic flexural resistance (represented by
average flexural stiffness; AFS) at a rate of (10
%), except for composite beams embracing long
headed studs where rather high increases
(reaching 68.8 %) on the average flexural
stiffness; AFS values are observed.

6.3.4 The Residual Cyclic Flexural
Ductility:

Very small effect of the addition of a firmly
attached wide bottom steel plate with the lower
degree of partial interaction on the residual cyclic
flexural ductility is detected, where it does not
exceed 1.11 %. On the contrary, the effect
becomes significantly larger with the higher
degree of partial interaction where the decrease in
the residual cyclic flexural ductility attains 9.9 %.

It is observed that the residual cyclic flexural
ductility of the composite beams subjected to
displacement controlled non-reversible repeated
loading decreases with decreasing the number of
headed stud shear connectors.
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Figure (19): Effects of the shear connectors’ intensity (i.e. number or spacing of stud shear
connectors) on the residual cyclic lexural ductility for the composite beams subjected to

displacement controlled non-reversible repeated loading.

It is also noticed that the residual cyclic
flexural ductility of the composite beams
decreases with increasing lengths of the headed
stud shear connectors by 6.33 %.

6.3.5 Integrity Preservation,
Average Anti-Slip Stiffness:

Clearly detected that addition of a firmly
attached wide bottom steel plate and increasing
lengths of the headed stud shear connectors for
composite beams subjected to displacement
controlled non-reversible repeated loading causes
a decreases in the average anti-slip stiffness.

It can be observed that the average anti-slip
stiffness of the composite beams increases with
decreasing the number of headed stud shear
connectors from 100 to 50 headed studs.
Insignificant effect of the load duration on the
average anti-slip stiffness is detected, where it
cannot devise any specific behaviour for the
average anti-slip stiffness of composite beams.

6.3.6 Integrity Preservation; and
Residual Cyclic Slippage Index:

The addition of a firmly attached wide bottom
steel plate and the lengthening of headed stud

and

350

shear connectors for composite beams subjected
to displacement controlled non-reversible repeated
loading causes a decreases in the residual cyclic
slippage index (RCSI). Meanwhile, the residual
cyclic slippage index increases with decreasing
the number of headed stud shear connectors from
100 to 50.
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Figure (20): Effects of the shear-connectors mtensity (i.¢. number or spacing of stud
shear connectors) on the average anti-slip stiffness P,"/8" for the beams subjected to
displacement non-reversible repeated loading,

7. Conclusions

In this study, the behaviour of composite beams
subjected to monotonous and displacement
controlled non-reversible repeated loadings has
been investigated. The influences of the
dimensional proportionality (which controls level
of the centroidal axis), the degree of partial
interaction, the level of ductile deformability in
the post-yielding stage, and - at last - the type of
loading (whether monotonous or repeated) have
been taken into consideration. The ultimate load
capacity, average flexural stiffness, the average
anti-slip  stiffness, the post-ultimate flexural
weakening, the residual cyclic flexural ductility
and the residual cyclic slippage index have also
been discussed.

However, accuracy of the test results (for one

typical scaled physical composite beam) have to

be verified by comparing them to the prototype
ones (three authorized experimental and analytical
investigations) in order to get a quantitatively
reliable insight into the behavior of the composite
system being investigated thus enabling the
structural designer to benefit from such results
and conclusions in practice.

7.1 Conclusions Drawn From the

Verification Study:

e Very high agreement - between the present
largely scaled physical typical composite
beam model and each of the authorized
experimental and analytical investigation - is
obtained. This finding is realized as none of
the differences between the two reference
dimensionless outputs (one is experimental
and the other is theoretical) and those of the
present selected typical scaled test composite
beam, exceeds 5%.
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Results of the ultimate load behaviour of
composite beams according Eurocode 4
(based on  Johnson’s  analysis and
assumptions)  gives  efficiently  close
agreement with the results of the present
typical largely scaled test composite beam for
verification as the difference is less than 7%
in the ultimate load carrying capacity or the
corresponding deflection.

7.2 Conclusions Drawn from Prime

Experimental Investigation:

(1]

It has been noted in pure shear performance
of the headed-stud interfaces that when the
shank of the headed stud is shorter, strength
degradations after the peak load become more
severe leading to decreases in its shear
stiffness and energy of absorbility.

Stiffening the composite beams by wide
bottom steel plate and/or increasing the
degree of partial interaction is the single
means to increase the strength of the
composite beams with headed stud shear
connectors subjected to monotonic loading.
To avoid the increase of the degree of partial
interaction as the singular means to increase
the strength of the composite beams with
headed stud shear connectors subjected to
displacement  controlled  non-reversible
repeated loading, the stiffening by bottom
wide steel plate emerges as the competitive
and even the best technique for this purpose.
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