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ABSTRACT

The study described herein deals with experimental and finite element modeling of

a variety of composite steel-concrete column segments using shear connectors of different shapes
and sizes to provide resistance to slip at steel — concrete interfaces . Hence , it represents a
qualitative transition in the experimental and analytical investigations on shear connectors
effectivity at steel — concrete interfaces , as most studies in the field of shear connectors were
devoted to composite beam and slab — systems .

Three types of shear connectors — with four concrete grades for each type — were used in fabricating
composite specimens . The twelve composite prototypes were subjected to push — out test
individually to examine their behavior by measuring the slip values for each load incremental till
failure , thus determining the resistance extent of each connectors type and specifying the failure
mode at interface .

A nonlinear three — dimensional finite element analysis have been carried out on twelve composite
column segments using ANSYS computer program (5 th version, 2002) to investigate their behavior
and predict their load — slip relationships , equivalent stress distributions and concrete cracking
patterns . The defined numerical modeling included using the eight node isoparametric brick element
with smeared reinforcement (SOLID 65 ) and the eight node isoparametric steel brick element
(SOLID45) , to model the reinforced concrete medium and the steel section and shear connectors ,
respectively, considering perfect bond between concrete and steel reinforcing bars . Nonlinear
properties including cracking and crushing of concrete , yielding of steel section and reinforcement ,
and nonlinear bond — slip at interface were also considered .

Comparison of the experimental and theoretical results has shown good agreement that verifies the
accuracy of the finite element model based on the smeared crack model of concrete .
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Results have detected the development of the relative movement (slip) be at all ranges of the load-
slip relationship at interface even with using effective shear connection and /or high quality
concrete.

The headed studs have revealed the highest slip resistance and ultimate load over the channel and the
L-shaped studs . The high strength concrete has also revealed the same superiority over the other
three tested types of concrete .

e ARNA £ o) i 93 A8 jal) adalll Y 5Y) -Jaad) & pled Basaal) jualiallyg o il (g Al
oalll ayl g

s DAl
8ac V) akd (e de siie Ao ganal Baaadll jalially Jiaill 5 g il andlly ool 48 gaa gall Al ) i
sie 3Y 3Y) A glia elacy lulidly JIKEY) calisay (il Jayl 5y <l gd Al Al — aaal) < )
LAl Al 5 aaall g peadlil) dadd

UAAJ‘C%mJ die (adll Loyl gy dllad dh;ncélkdﬂaﬂtsdﬂmd\nguﬁ“(534495A4M&u\4u\)ﬂ\535 Jia
ua:;.: u.\;l‘ \J@J}u_\aw\ u)ﬂ\ummm.eud”h‘j‘)d&@u@y‘ uﬂ@h&)ﬂ\—mmdﬂ\
Sl lgiall g o gl Aadaif ) Jlas &

A 5 aginal B -L@_'w;\}dsxagu)g\m&\jsiagj@_uass\@\”wt\)ﬂa;:m Aadial ai
MS‘)A”BJACY\QHUAMJ

e JS&; push —out test blaai¥) pasd ) el jbe Y 4S54l sae V) il glad) o
(52 23 &5y gy g ¢ Jul) pad 5 Adlial Qe Gl JSI (BY Y1 laie Ll Ao g Lgie JS gl jliiaY
Lz 3sa3 UK bl s sie () JSG aan 5 Jrenl) A slia 3 Gl cildaly ) o) il e 53 JS A las

Goelall by aladiuly sl ualiall Aok el (SO0 ldY a5 platia) oS
e GV A4S, bae ) ol L) sl A 0 8 (2002 ¢ pedal) Jlasyl ) ANSYS)
Ll V) DA ol Talail 5 258K dlga ) a )58 ol il ae ¢ Lgia JSI (Y 33W1 — Jaall &83le o jiiul
Slall g sidl s W sl puaill alaiin) S ) z3saill Gacaly ¢ daliall dglu Al
& 5sall ekl @ sal) s
L5l Jiiail (SOLIDAS ) 2l Al (gaaad) (5 el b ¥ (A shll jaiall ¢ (SOLID 65 )
lu pall Gl Jagl 5 al i e M gil) e il Jal g 55 ¢ (ALY aaad) addia g ¢ pdusall Sl al)
el s
¢ Ailupall adigil 5 sl o dleiiall g o sall 4daa S pailaddl cl s lae) iy Y1 L &
gl b L) il e adSU) BY 31 e el s ¢ bl Glucail s ALEY) pasd) aldid ¢ sadldl dea)
Lal)

. .o
sadaall jualiall z3sei 4By ) Q5 @l lua )5 dglenll alidl g 4 plill il o A5 )Rl caiy
4.11.»..:);1\ M\ ‘_'és...'lﬂ\ 'L“L;‘;M\J?M\
@d—mﬂ” Alal Al Hall g pasll o il CJ:..»\ Aaial e (d\)!).a\)é\_m.mé\s); JP}L;AJ‘G}L\.\M |
4..3]1.:: ML.»J;_B\ “}SSUAL:“JJE‘M‘CAU—‘;)“‘;Q—UY‘ GJLA.\M@A.AS L@J;\JAJ:K:JJL.J\ J.J.A;_a
’ . oailadll
CrAY) e il e W6 (headed studs ) 3_sSH e g3l <l 53 Glacadl) &)3 (o uaﬂ\ Jaeb) Syl

4088



Aco

Ac

As
Ast
E

Cc

Number 3 Volume 15 June 2009 Journal of Engineering

e i) Alle Al 3

| eatid) Gl Al (e 5 AYI ED £ Y Sl aladl) i L G (HSC)

NOTATION:

Cross sectional area of stud shear connector.

Cross section area of concrete.

Cross section area of steel .
Cross section area of steel in tension .

Concrete modulus of elasticity.

Steel modulus of elasticity.

Cube compressive strength of concrete.
Yield strength of steel beam .

Shear modulus of steel.

ThinlnAace AfF ~AanaArata hlAnl,

K, Normal stiffness of connector.
Ks Stiffness of connectors per unit length (kN/mm2)
N Number of shear connectors

R.C Reinforced concrete .
S Spacing between shear connectors.

Ss  Slip at the steel-concrete interface

A, , 5 Shear transfer coefficient for closed and opened
crack.

4 Slip.
€ Strain.
& s .
y Yielding strain of steel plate.
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ABBREVIATION:

LWAC Light weight aggregate concrete

NWC Normal weight concrete
FGC Fine grain concrete
HSC High strength concrete

CHBDC Canadian Highway Bridge Design Code

INTRODUCTION:

Numerous amount of research work was done in the filed of composite steel- concrete beams since
the early fifties of the last century. However the most important ones in the last six years are
denoted here.

In 2002, partial interaction analysis of beam - column members was made by Wuetal. [1], by
extending the classic linear elastic partial interaction theory to allow for axial forces and also
boundary conditions associated with plastic hinges . Najem [2] , in 2003, carried out two theoretical
models on partially layered beams to simulate a multi- layer beam with interlayer slip. The
difference between the two models concerns the neglect (or regard) of both slip and separation
between the layers of the beam . Validation of those models was verified by previous experimental
evidentce. A model for predicting the stiffness behavior of the steel- concrete composite beam under
negative bending at the serviceability limit state with different degrees of shear interaction was
developed by Nile etal. [3], in 2004 . Accuracy of the proposed analytical method in predicting
deflection of a cantilever beam was verified on the bases of comparison with finite element
modeling and experimental investigation. In 2005 Aziz [4] , conducted a theoretical analysis and an
experimental investigation of multilayer composite steel — concrete beams of partial interaction that
permits slip and separation between layers. The developed method of analysis led to a set of
differential equations for separation and slip which were solved numerically by the finite difference
method [4] . Recently, in 2006 , the behavior of ten steel - concrete — steel sandwich ( SCSS)
beams of fully threaded bars (connected to upper and lower steel plates by nuts ) as shear connectors
was studied by Zebun [5], inaddition to twelve push-out tests using threaded bars of different sizes
—as shear connectors . His experimental results showed that the procedure of calculating the
ultimate load of sandwich beams based on plastic analysis can safely be used with a reduction factor
of 0.8 for the shear connectors ultimate force obtained from the push —out test [5] .

Parallel to the investigative effort defined above, several researches in the field of

shear —connector behavior and push - out test have been performed . The most recent ones are
highlighted herein.

Slobodan and Dragoljub [6], in 2002 reviewed the most important analytic expressions for the
strength of shear connectors with special attention to the recommendation given by the European
standard Ec(4) [7], and gave a commentary in that field. In 2004 , Deanna and

Rambo —Roddenberry [8] , performed a comprehensive experimental study including 117

push- out tests on solid and composite slabs , whose results, along with 61 other beam tests were
used to propose and veriefy a new stud strength reduction model. Experimental investigation on
shear connection between steel and high strength light weight concrete (HSLWC ) was performed
by Valente and Cruz [9], in 2005, to evaluate load-slip behavior . Larose et al [10], conducted , in
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2006, an experimental testing regime using push-out test specimens constructed with precast
concrete panels connected to steel flanges with steel studs within a circular grout pocket to
investigate the reduction in ultimate strength after cyclic loading. That study was done to examine
the validity of embedding clustered shear studs in high strength grout for construction using precast
deck panels according to the Canadian Highway Bridge Design Code (CHBDC) requirements . An
investigation on the effect of confining reinforcement on the shear capacity and ductility of
polypropylene concrete —steel composite systems was made by Maleki and Mahoutian [11], in 2007
through several monotonic push -out test on this concrete type with channel shear connectors . Based
on comparisons with result of the specified test setup comprising ordinary concrete specimens or
polypropylene concrete specimens of confining reinforcement they concluded that the polypropylene
fibers have no significant effect on the ductility of steel-plain concrete composite system, while
stirrups in concrete blocks cause this property to increase . Lastly,Thorsten [11], studied the
behavior of light weight aggregate concrete (LWAC) in composite specimens of headed studs in
push-out test setup in 2008. He concluded that the empirical basic design rules given in EC(4) [7],
for headed studs in normal NWC underestimate the real shear resistance considerably in the case of
LWAC. Hence it will be necessary to work out new design formulas for the application of LWAC
[11].

The privilege of the present study over the preceeding ones in the specified scope comes firstly from
its embodiment to a wide and comprehensive experimental investigation of the shear —slip behavior
for steel - concrete composite segments under push —out test including stiffness, ductility and
ultimate resistance of those segments for three main types of shear connectors and for four types of
concrete NWC , LWAC , FGC and HSC separately (thus forming twelve autonomous cases ), and
making comparisons to show effects of shear connectors and concrete types. Moreover, the present
study has recorded an antecedence in the finite element modeling of such composite segments under
push-out test using ANSY'S finite element program which has given accurate results as in
comparison with experimental results.

SHEAR TRASFER MEANS AND TESTING

Definition:

In steel-concrete composite structural members (primarily beams ) the force applied to the interface
between the two components is mainly, but not entirely, longitudinal shear. The interface is an origin
of severe and complex stresses that require accurate analysis , therefore methods of connection have
been developed empirically and verified by tests.

Shear Connector Types and Behavior:

Shapes of shear connectors incommon use are specially established to provide adequate resistance
to uplift as well as slip. They may be divided into two categories :(i) rigid connectors (bars or tees
with hoops );and(ii)flexible connectors (studs and channels). The two groups differ in the mode of
failure . While rigid connectors tend to cause higher stress concentrations in the surrounding
concrete or even weld failure, the failure mode of flexible connectors is more consistent and less
catastrophic as they derive their resistance essentially through bending of the connectors. Some
commonly used types of connectors are shown in Fig 1. The rigid bar, tee and channel connectors
are limited to shear transfer in one direction only ,while the headed stud

connectors can resist and transfer shear in any direction perpendicular to the shank, making it the
more useful connector. Adding its simple fastening and little obstruction to reinforcement in
concrete medium it has become the most common type in practice. It was recommended [12] , for
that connector , that the shank diameter should not exceed twice the thickness of the steel part so that
the full static strength of the stud can be utilized. In the present study the headed stud, channeland
L-shaped types of shear connectors —shown in Figl a) and c) — have been used
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a) b)
r) d)

e)
Fig.1: Types of Shear Connectors [4]

a) Headed Stud Connector , b) Bar Connector , c) Channel Connector, d) Tee Connector
e) (L —shape Connector, f) Helical Connector .

Fig. 2 shows variation of the bearing stress on the shank ofa headed stud connector with stress
concentration near its base reaching four times the concrete cube strength owing to the concrete
restraint there by the steel part, the shank of stud and the reinforcement [13]. The two major modes
of failure are crushing of the concrete surrounding the connector (for sutds with large diameter )and
connector shearing off at the base (for slender studs)

T \\\\\\ \\\\%&\\ g

Fig.2 : Stress distribution on the Shank of a headed stud [13]
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Push - out Test :

The shear connector property of most design relevance is the relationship between the transmitted
shear force and the slip at interface. The load - slip curve should ideally be found from tests on
composite beams . However , most of such data on shear connectors can be obtained from various
types of " Push-out " tests shown in Fig. 3 in which the flanges of a short steel I-section segments is
connected to two small reinforced concrete blocks [7, 12].

EXPERIMENTAL WORK :

Description and Classification of the Tested Prototypes :

With reference to Fig. 3 , the typical push —out test prototype of the present research work consists
ofa 560 mm long 254mm*147mm*43mm UB standard I-section connected at its two flanges to two
460mm *300mm*150mm reinforced concrete blocks by means of shear connectors welded to its
flanges . The concrete blocks are reinforced by 10-mm diameter deformed steel reinforcing bars of
mechanical properties shown in Table 1. Their anchorage ends were made according to the AC1318-
2002 sections 7.1 and 7.2

v

Reaction P/2 Reaction P/2

NOTES: 1-all dimensions are in millimeters
2-Reinforcing bars are of 10 mm diameter
mild. steel

Fig .3: Schematic diagram for the typical push — out test prototype of the present
work
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I ) Based on shear connector type :
headed stud shear connector containing prototypes : S- connector type .
channel shear connector containing prototypes : C - connector type .

L- shaped shear connector containing prototypes : L- connector type .

Yield Stress | Ultimate | %Elongation Modulus of
(Fy) Strength | at Rupture Elasticity
MPa (Fu) (E)
Mpa GPa
@10mm Reinforcing Bars 285 510 20 203
@19mm Smooth Bars for 290 580 24 202
Stud
L-connectors
UNP Channel for C- 240 540 24 205
connectors

I-section 248 400 17 205

The S- and L- type connectors are made of 19mm diameter smooth bars whose lengths are 100mm
and 210mm , respectively . Stud head of the S-type connector is of 30mm diameter . The C-type
connector is a 60mm in length of UPN 100 standard channel section whose web depth, flange
width and thickness are 80mm ,40mm and 4mm respectively . Mechanical properties of the specified
steel bar and channel are given in Table 1

Any prototype of S-or L-type connectors contains two connectors —in one row welded to each
flange , while each flange of any C- type connector prototype contains one connector only .
Geometries , numbers , location and configurations of the three types of shear connectors are shown

inPlate 1.
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Table 1 : Mechanical properties of the reinforcing bars , smooth bar and channel section
used to form the three types of shear connectors , and the used steel I- section.

a)
Plate 1 : Typical prototypes before casting of concrete showing :
a) S- types connector, b) C- types connector, c) L- types connector

i) Based onconcrete type .

- Normal Weight Concrete (NWC) block containing prototypes .

- Light Weight Aggregate Concrete (LWAC) block containing prototypes .

- Fine Grained Concrete (FGC) block containing prototypes .

- High Strength Concrete (HSC) block containing prototypes .

Designations :

According to the two defined bases of classification, twelve different prototypes have been
manufactured , fabricated , tested and analyzed in the present investigation .

Their designations are given herein :

SNWC, SLWAC , SFGC , SHSC , CNWC , CLWAC , CFGC, CHSC , LNWC , LLWAC , LFGC
and LHSC .

The first character of each designation refers to the type of shear connector , while the remaining
characters denote the concrete type .

Properties of Concrete Types and their Constituents :

General :

With reference to Table 2 the participated constituents of the used concrete types are the tap water ,
cement and natural silica sand .

Ordinary Portland cement (type 1) [14] of chemical and physical properties conformable to the
associated Iragi specifications No.5 / 1984 [15] and presented in literature [16] was used thoughout
this work .
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Table 2 : Quantities of constituents and average compressive strength of cubes at 28 days

for
CONSTITUENTS AND QUANTITIES (Kg/ M?)
Tap Oo.P Ordinary | Crushed | Crushed | Silica Super SilicaSand Average[i] -
Wat | Cement Sand Natural | Porcelinite | Fume | Pasti¢izr | <04mm Compressive - %
er Gravel Strength for 2%
Cubes at28days | 3%
(MPa) 228
3
w
w NWC 210 500 652 1022 0 0 0 0 442
a 31.26
>
w LWAC 210 500 500 0 520 15 2 39.55
= 2956
L
g HSC 233 971.5 320 0 0 2715 2 147 49 32.9
Z
O
O

(1) Average cubic compressive strength for FGC at 28 days is 43 MPa..
(2) Concrete modulus of elasticity = 4700 (F.) ~%° | E for FGC = 30.82 GPa

The physical and chemical tests and the sieve analysis for the normal weight sand used as fine
aggregate were all conducted in this work according to their associated specifications (17, 18 , 19,

20 ) Their results are shown in Table 3.

Table 3 : Physical and che mical properties and grading parameters of the natural sand

used in

Property Specification Test Results | Award
1 | Bulk specific gravity ASTM C128-88"7 | 2,55
2 | Absorption % ASTM C128-88 2.1% Conformable
3 | Dry loose unit weight (Km/m3) | ASTM C29-89!-% 1600 to the associated
4 | Sulphate content (SO3)% 1.0.S No.45-84 151 1 0.14% specification
5 | Material finer than 0.075 B.S882—1965 1 | 0.7%

mm% (*)
6 | Fineness modulus (*) B.S882—1965 4.3

Normal Weight Concrete :

Crushed natural gravel of 10mm maximum size was used as course aggregate for this type of
concrete . Its specific gravity , absorption ratio and grading were all tested , measured and recorded
[16] . They were found to be conformable to the 1.0. S. No. 45-84 [19] .

From the present experimental work
* These two properties are obtained from the sieve analysis done in this work [16]
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Light weight aggregate concrete :

Porcelinite crushed particles of 12.5 mm maximum size were used as coarse aggregate in this type of
concrete to give a unit weight value of 1747 kg/m® . It also contains a superplasticizer and a hardener
(as shown in Table 2) . Physical, chemical and mineral analysis for porcelinite were done by the
State Company of Geological Survey and Mining " in Baghdad and were recorded [16] . They were
conformable with the associated specifications (18, 21, 22 ) . The grading of course porcelinite
aggregate was conformable to ASTM(330-87) [23] as concluded from the sieve analysis results [16]
.The " Tuf Flow 603 " superplasticizer used for ( LWA , FG and HS )concretes in this work was
classified into types (F) and (G) in ASTM — (494 (65) with properties presented in Ref. [16] . The
hardener used in this mix is silica fume (SF) which is a pozzolanic material of very fine spherical
particles and amorphous silicon dioxide . Its chemical and physical properties are documented [16] .
High strength concrete :

With reference to Table 2, silica sand (SS) is the substitute constituent of porcelinite particles for the
HSC mix relative to the LWAC mix. It is an inexpensive extremely hard fine granular material
(0.15-0.40mm ). Its chemical composition and physical properties are recorded [16] . Table 2 also
refers to the rather low wi/c ratio of HSC mix .

Fabrication of Prototypes :

The associated shear connectors for each of the twelve specified push —out tested prototypes
previously described previously were welded to the two flanges at the appropriate locations by using
the electrical resistance welding process of E70 electrodes [25] as shown in Plate 1.

The four concrete types were mixed ina horizontal rotary type mixer of 0.1 m3 capacity according
to the ASTM C192-995[26] . Coarse and fine aggregates were first soaked and blended for sixty
seconds in two — thirds of the required water quantity . For NWC , cement and rest of water quantity
were then added and mixed for three minuted followed by additional three minutes of waiting for
cement hydration. For LWAC , FGC and HSC Ohama's procedure [27] was followed by formerly
mixing the required quantities of silica fume (SF) in dry state with the required quantities of cement
for 15 minutes to ensure the thorough disperse of (SF) powder amongst the cement particles , then
water was added with continuous mixing until uniform mix was obtained .

The four concrete mixes were then poured into their lightly oiled moulds which were vibrated for 30
seconds ona vibrating table . Except for NWC the risk of segregation is present by floating light
weight aggregate particles which was extremely reduced by the application of silica fume . Curing of
the prototype concrete blocks was realized by submerging in water . The 28 —day age average
compressive strength values for the four concrete types were obtained from test results of three
(150*150*150 mm) cubes for each of the NWC and LWAC mixes, and three (100*100*100mm )
cubes for each of the

FGC and HSC mixes . Those Values are given in Table 2 .

Loading Scheme and Testing Procedure :

The twelve push —out tests were excuted using a testing machine of a loading frame and 2500 kN
Capacity hydraulic jacks which was recently calibrated by the " Iraqi Central Organization of
Standardization and Quality Control ". Each tested prototype was centrally loaded with two wood
blocks placed under its two concrete blocks . 5-kN load was initially applied in order to settle down
the loading system, then released withinten seconds . 3-kN incremantal loading series was then
applied up to failure and the vertical slip value of the steel | — section relative to the two concrete
blocks were measured at the level of shear connectors by means of calibrated dial gauge readings to
0.002 mm precision as shown in Plate 2 for each load increment .
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The downward concentric load was applied to the end of the steel I-section by the crosshead of the
machine acting through a ball seating , with care being taken each time in centering the load . The
total duration of the test up to the failure point is about 45 minutes . If the prototype remained intact ,
loading was continued until severe cracking in the concrete block or fracture at the connectors
occurred .

Measurements of the slip all the twelve push-out tests are plotted against the applied loads in figure
to come later 7 and 8 . Values of the secant shear stiffness Ks for the twelve prototypes were
calculated by dividing values of halfs of the ultimate loads by the corresponding slip values and
given in Table 4 that comes later .

Plate 2 : Typical prototype and push — out test machine with dial gauges attached to the
concrete

FINITE ELEMENT ANALYSIS-"ANSYS" MODEL
Definition :
The commertial finite element package ANSYS [28] (Analysis System Version 5.4) was set up-with
its parameters calibrated - and used in the analysis of the present twelve composite segments . The
computer program has the capacity of solving linear and nonlinear reinforced concrete problems
including the effects of cracking , crushing, shrinkage and creep of concrete , yield , placticity,
creep , swelling , large deflectionand large strain capabilities of steel sections, connectors and
reinforcing bars , bond slip between shear connector (or steel rebar's) and the surrounding concrete
medium, and temperature changes .
ANSYS Main Features
Concerning the present composite steel - concrete segments with steel shear connectors , the features
for the program are specified :
Material Nonlinearities :
Nonlinearity properties of materials , namely cracking and crushing of concrete in tensionand in
compression, respectively and yield of the steel I-section , shear connectors and reinforcing bars
were taken into account through ANSYS operations .
Element Types :

i) Steel I-section and shear connectors :
SOLIDA45 isoparametric element was used for three dimensional modeling ofthe mentioned steel
parts . The element is defined by eight nodes each having three translational degrees of freedomas
shown inFig.4 .The element has plasticity, creep , swelling , large deflection and large strain
capabilities .

4098



Number 3 Volume 15 June 2009 Journal of Engineering

O,p

I KL

)

{Prism option)
Element Coordinge
System (shown for MNP
KEYOPT4)=1) I
2 EL
I
{Terahedral Option -
Surface coordinde system it Tecomumend ed)

SOLID45 3-D Structural Solid

Fig. 4 :  Solid 45 three dimensional structural solid elements [28]

i) Reinforced concrete blocks :

SOLIDG5 isoparametric element was used for three dimensional modeling of the reinforced
concrete blocks . The element is also defined by eight nodes each having three translational degrees
of freedom as shown inFig.5 . It is capable of plastic deformation, cracking in three orthogonal
directions , and crushing . The steel reinforcement was introduced into this element by assuming it
smeared throughout the element . Any orientation of the steel rebars is permitted . Use of this
approach is supported by the fine — meshing of the concrete blocks , especially at locations of the
reinforcing bars as recommended by the computer program [28] .

OF

I
( Prism Option)

MN,0,P

KL

I
(Tetrahedral Qption -
not recommended)

SOLID65 3-D Reinforced Concrete Solid

Fig. 5 : Solid 65 three dimensional structural solid elements [28].
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Meshing :

Mesh controls of the computer program , if used , allow to establish the element shape , midside
node placement , and element size to be used in meshing the solid model . This operation is one of
the most important steps of the entire analysis . Volume elements (like SOLID45 and SOLID65 )
can often be either hexahedral (brick) or tetrahedral shaped , but a mixture of the shapes in the same
model is not recommended . Hence , the tetrahedral shape was found to be suitable for meshing the
steel I-section, shear connectors and the reinforced concrete block of the present composite
segments .

Interfaces :

Bonds between the reinforcing bars (or the shear connectors ) and the surrounding concrete of the
two blocks of each prototype were all assumed to be perfect . Bond slips at those specified surfaces
were then not allowed Accordingly , the defined contact locations were represented by participated
nodes and the use of interface finite elements becomes unwarrantable .

Nonlinear Solution Algorithm :

The nonlinear equations of equilibrium were solved using an incremental — iterative technique under
load procedure . The full Newton —Raphson method was used for the nonlinear solution algorithm
and the displacement criterion is used as a convergence criterion [28] .

Modeling of the Composite Prototype :

The steel I-section , the two concrete blocks and the steel shear connectors ofeach of the twelve
studied composite prototypes were divided by ANSYS computer program into numbers of small
tetrahedron SOLID45 and SOLID65 elements as appropriate . After load application, stresses and
strains were calculated at integration points of those elements . An important step in the finite
element modeling is the selection of the mesh density . The appropriate mesh densities for the twelve
composite members were selected on the bases of a convergence study that determined the level of
mesh reinforcement at which an increase in the mesh density was ofa negligible effect on the
results .

Based on that principle the degree of mesh refinement for each of the twelve composite segments
was determined , then the number of the three dimensional elements for each component of the
composite segment was obtained . The finite element mesh pattern, and the applied load and reaction
simulations by ANSYS package for three typical composite prototypes comprising the three used
types of shear connectors are shown in Fig. 6 .
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Fig.6 : Finite element meshes and the load and reaction simulations for three typical composite
segments of the twelve prototypes comprising the three used types of shear connectors as modeled
by ANSYS . a) case of headed stud . b) case of channel stud. c) case of L- shape stud.

PRESENTATION AND DISCUSSION OF RESULTS:

Outline :

The main objective of this study is to examine experimentally and assess theoretically the structural
behavior and strength of concrete — steel — concrete composite segments with partial shear
connection. Varying degrees of shear connection were realized by introducing different shapes and
penetration depths of shear connectors and different types of concrete into the twelve composite
segments subjected to push — out tests. The general behavior and test observations of those degrees
of shear connection have then been discussed , with special attention to the correlation between the
finite element prediction and the experimental evidence.

Inspection of Experimental Results :

General load — slip behavior :
Figs.7 and 8 explain the characteristics and stages of the load — slip behavior along test history of the
twelve tested composite prototypes. Regardless of the difference between the degrees of shear
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interaction ( represented by the types of shear connectors and concrete ) of the twelve prototypes, the
test history ( load — slip relation) can be subdivided into three ranges.
The first range was the serviceability stage in which the load increases almost linearly up to about 60
— 68 % ofthe ultimate ( maximum ) load and the vertical shear force acting at the steel — concrete
interface was tramitted principally by the connector root . Because of the load concentration at the
weld collar of the connector , only small deformations occured . Therefore , it is reasonable to regard
full shear connection in that stage .
The second range extends from end of the previous range till the ultimate stage for which a
significant nonlinear increase of the deformation was inspected . That loss of stiffness was caused by
the local crushing of concrete around the foot of the shear connector and thus by a load distribution
from the weld collar to the shank of the stud (or web of the channel —connector ) , resulting in
flexural and shear deformations of the connectors which depend wholly on the modulus of elasticity
of concrete [11] . At this range the first cracks in the concrete blocks were observed .
The third range extends from the ultimate state till failure , where lower load levels were reached
step by step . A ductile behavior was detected ( especially for Stud and L-connectors ) because as
one stud failed , there was enough capacity in the neighbouring studs to absorb the load .
Effect of Shear Connector Type :

With reference to Fig. 7, it is obvious that the stud — type connector revealed the highest values
of the seviceability stiffness and the ultimate load capacity, followed by the L- type connector .
Experimental work proved that the channel — type connector is the weakest in the two defined
flexural parameters , which may primarily attributed to its relatively narrow cross-sectional
dimensions and penetration depth, then to its be inability to absorb the load shed after the first yield
(as only one channel — type connector was attached to a flange ) . Percentages of excess in the
values of the ultimate load capacity for the tested composite prototypes with Stud- type connectors
over the corresponding values for the associated prototypes with L- type connectors were 40% , 20%
, 29.5% and 57% , for NWC, LWAC , FGC and HSC concrete types, respectively , while the
corresponding percentages of excess for the case of Stud — type connectors relative to the channel —
type connectors were 78% , 40% , 65% and 92% for NWC , LWAGC , FGC and HSC concrete
types, respectively .

1 OAD (kNY
LOAD (kN)

¢

S (mm)
LOADSLIP-Curve

23

o

=

g SHSC

S LHSC
CHSC

SLIP(mm) SLIP(mm)
LOAD-SLIP-Curve LOAD-SLIP-Curve

c)
Fig.7 : Load - slip relationships obtained experimentally for the three tested types of shear
connectors embedded in each of the four used types of concrete . a) in NWC, b) in LWAGC, ¢)in
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EFFECT OF CONCRETE TYPE:

Recalling the difference between values of the E- modulus for the four used concrete types NWC ,
LWAGC , FGC and HSC, the inspection of Fig.8 ( which shows the load — slip relationships for
each type of shear connectors embedded in the four concrete types in one graph for the sake of
comparison ) leads to the following remarks :

i) In general the same trend of this relationship (formerly subdivided into three ranges ) is detected
for the four concrete types .

iIn the first (serviceability ) range of that relationship the behavior of the two stronger types of
concrete (NWC , and HSC ) under working loads differ only irrelevantly from those of the two less
strong concrete types (LWAGC and FGC) because of the bigger initial — stiffness of the two stronger
types by about 40-56% . This fact is not of great significance because of the small deformations at
this load level .

iii) In the second range (extending from first yield up to ultimate stage ) wide difference is shown in
the development of the load - slip curves for the two weaker concrete types (LWAGC and FGC)
relative to the two stronger types (NWC and HSC) . This is mainly because of the loss of stiffness
due to local crushing the concrete around the foot of the shear connector .

V) In the third range ( from the maximum load stage till failure where lower load levels were
reached gradually ) similar wide difference between development of the relationships for the two
weaker and the two stronger concrete types resulted . This is mainly due to the difference in the
elastic bedding between the cases of the stronger and the weaker concrete types [11] .

From another point of view the effect of concrete type on load-slip relationship can be evaluated on
the bases of the shear stiffness parameter Ks value which is defined as the load —slip ratio at a
load level of 50% of the ultimate load , thus representing slope of the secant stiffness at that load
level of the relationship and giving an indication to the average load- slip relationship and the level
of the ultimate load . Referring to Table 4 (which gives values of the Ks parameter for the twelve
tested prototypes ) it can be noticed that the effect of concrete compressive strength
( which decreases monotonicly for HSC to NWC to FGC to LWAGC by the evidence of Table 2 )
on the Ks parameter is vital . In its absolutely maximum particular case the reduction in the Ks
parameter reaches 66% when the concrete type is changed from HSC to LWAGC with channel —
type connector .
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Table 4: Variation in the values of shear stiffness parameter Ks for the twelve tested
prototype) relative to the NW concrete type for each of the three types of shear
connectors obtained expe rimentally

Connector type 50%Ultimate Slip Ks %
used with load corresponding difference
concrete type (KN) at 50% (KN/mm) (Ks) with in
(mm) NWC
SNWC 196.8 0.734 268.122 0
SLWAC 165.2 1.48 111.623 -58.4
SFGC 174.7 1.21 144.38 -46.2
SHSC 219.3 0.64 342.65 21.8
LNWC 152.1 1.01 149.7 0
LLWAC 138.8 1.76 78.86 -47.3
LFGC 98.4 131 75.12 -49.9
LHSC 174.4 0.82 212.7 42.08
CNWC 112.5 1.18 95.334 0
CLWAC 89.6 1.88 47,658 -50
CFGC 103.3 1.42 12.7 -23.75
CHSC 144.6 1.04 139.03 45.8
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Fig. 8 : Load — slip relationships obtained experimentally for the four used types of concrete

with each of the three tested types of shear connectors :

a) with Stud-type connector, b)) with channel-type connector, c) with L-type connector

Correlation between Finite — Element Prediction and Experimental Evideuce :

With reference to Fig. 9 which shows the load — slip relationship determined by the ANSYS model (
according to the formerly mentioned concepts and fundamentals ) beside the corresponding results
obtained from the present experimental testing for each of the twelve composite prototypes , the
following concluding remarks are recorded :

i) Good agreement between the experimental and numerical investigations in describing and
evaluating the charactaristics of the first stage (linear serviceability range ) is obtained , mainly the
initial stiffness .

i) The numerical model was accurate in predicting the ductile elasto-plastic trend of the load — slip
relationship . This remark was confirmed by the complete coincidence between the experimental and
theoretical values of the deflection at failure for all prototypes .
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ii) The numerical model gave no distinct transition from the second to the third fiormerly defined
ranges of the studied relationship .

iv) According to the last remark no distinct ultimate stage point was detected from the load — slip
relationship of the finite element model , leading to a noticable difference in the maximum load
resistance values given by the experimental and theoretical analysis .

V) The unability of the present numerical model in describing the third range of the load- slip
relationship ( beyond the maximum load stage till failure load where low load levels were attained
gradually) , has led to failure values not in coincidence with the corresponding experimental ones .
vi) The view drawn from Tabel 5 , which shows that the percentage difference between the
theoretical and experimental values of the Ks factor , is fairly positive . The maximum defined
difference is 19.05% for SHSC prototype ( the absolutely strongest one ) , while the minimum
difference is 3.318% for CLWAC prototype ( the absolutely weakest one ) . The avarege difference
for the twelve prototypes is 7.58% , a quantity reflecting the accuracy of the present finite element
model in simulating the tested composite segments .

Table 5 : Experimental and theoretical values of the shear stiffness parameter Ks and
the percentage difference between them for the twelve studied composite segments .

Prototype Designation
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Fig. 9: Experimentally and theoretically obtained load -slip relationships for the twelve studied composite
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CONCLUSIONS :

The following conclusions have been reached in this study so far :

- Regardless of the degree and state of partial interaction at the steel-concrete interfaces the twelve
tested composite prototypes have giventhe same general trend , features and characteristics of the
load — slip relationship consisting of the main three ranges detected in few recent experimental
researches , especially the linearly, high stiffness and precise limit of the serviceability stage (60-
68%) of the ultimate load ).

- Further comparative inspection of the load-slip curves for the twelve tested composite prototypes
shows the significant and quantitively - organized differences between their ultimate load values at
ends of the second ranges of their curves accompanied by slight differences in the corresponding slip
values .

- The comparative inspection also shows the same general signpost of differences in levels of load —
slip curves in the third range (from ultimate stage till failure ) for the twelve tested prototypes . More
significant differences in the extensions of slip beyond ultimate stages for the twelve prototypes are
attained , referring to significant differences in ductility .

- The shear connector shape , penaration depth and configurationare of major effects on
serviceability stiffness and extension, ultimate load capacity , and ductility of the shear in partially
interacted steel- concrete composite segments . The S- type connector comes in the vantage
followed by L-type one .

- Quantitatively speaking with regard to connector type effect on ultimate load capacity of composite
segments , the average excess percentages in that property values for segments with S-type
connectors over segments with L- type ones are 48.5% and 24.8% for the stronger (NW and HS)
and for the weaker (LWA and FG)) types of concrete , respectively . The corresponding average
excess percentages for the case of S-type connectors relative to C-type ones are 85% and 52.5 % for
the stronger and weaker types of concrete , respectively .

- The first ( serviceability ) range of load- slip relationships for the composite segments revealed
relatively slight effect of the concrete elasticity modulus (E-value)on stiffness of segments under
working loads (in spite of the rather large differences in the initial stiffness values of about 40-56%
between the two stronger and the two weaker tests types of concrete . This is due to the small
deformations at the service load levels .

- The ultimate compressive strength of concrete directly affects the development of the load-slip
curve inthe second range (fromend of service stage to ultimate stage ). The higher the difference in
concrete strength this property values of concrete types, the wider are the differences between
levels and extensions of those curves in that range , a criterion confirming the prediction of
stiffness loss due to local crushing of the concrete surrounding the connector foot .

- Similar wide differences between levels and extensions of the load —slip curves for the two stronger
and the two weaker tested types of concrete are obtained .

- The shear stiffness parameter Ks of a composite segment of partial shear interaction at steel-
concrete interfaces is solely affected by the concrete compressive strength . The present work shows
that 66 % reduction in Ks value is attained when replacing HSC by LAWC in composite segme nts of
C- type connectors .
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-Inregard to the correlation between the finite element prediction and the experimental issue for the
steel — concrete segments of various types and levels of partial shear interaction at interfaces , the
numerical model has proved its efficiency and accuracy in predicting characteristics of the
serviceability stage and the ductile elasto- plastic trend of the load-slip relationship , which appears
precisely in the highly accurate computation of slip value at failure .

- Onthe other hand , ability of the present finite element model in giving distinct border between the
second and third range of the load-slip relationship and in protruding the ultimate stage was limited ,
this has led to discrimination between the third range of the load-slip relationships of the numerical
model and the experimental work .

— The present finite element model has proved its efficiency in computing the shear stiffness
parameter Ks values as compared with the corresponding experimentally obtained values . 7.58%
comprehensive average difference between the two methods is attained .
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