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Abstract

Horizontal stability of the medium rise steel frame structures is usually ensured by vertical

bracings and diaphragm action of composite oors. Load transfer within the composite oor

system is made through shear connectors, e.g. headed studs.In an event of explosion, such

connectors must reserve su�cient residual sti�ness and strength in order to avoid a sudden or

delayed collapse of the building. These remaining capacities have not been experimentally

studied yet in the literature. This paper presents large scale horizontal push out tests

to determine the residual sti�ness of the shear connectors after being initially damaged by

explosion. The initial damaging is reproduced by a pull-outtest using a quasi-static loading.

Two types of numerical simulation have also been developed using ABAQUS/CAE software

to provide a better understanding of the experimental results.

Keywords: Explosion; shear stud; push-out; pullout; residual strength; composite oor;
pro�le steel sheet

1. Introduction

The present-day serviceability of steel frame buildings inindustry and commerce has

exposed the structures with high risk to extreme and accidental loadings, particularly ex-

plosion. Many incidents, such as Azote de France Fertilizer factory in Toulouse (AFT),

� Corresponding author.
Email address: mohammed.hjiaj@insa-rennes.fr ( Mohammed Hjiaj)
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Bunce�eld in UK and CPR Tank Farm in Puerto Rico to name a few, have damaged struc-

tures within a large surrounding area, causing serious casualties and substantial property

loss. It is thus increasingly important to design structural buildings with such exposure to

withstand the e�ects of blast loading. The Bunce�eld investigation led to the recommen-

dations on land use planning and the control of societal riskaround major hazard sites in

addition to Health and Safety Executive (HSE) to take into account not only direct hu-

man harm but also property damage and other harms to communities. Coming after the

incident of AFT in Toulouse, a regulation was established to allow the design of concrete

buildings that can resist blast actions with an intensity upto 12 kPa. However, steel framed

buildings are not permitted to tolerate even with low level of explosion except if the spacing

between steel frames is less than 5 m. This consideration is based on inertia e�ects while

robustness of steel structures, i.e. high ductility and redundancy, is not considered. Until

recently, either large-scale buildings or concrete structures are included in the regulations

while low-to-medium rise steel buildings subject to globalexplosion have not been studied

yet. Consequently, a European project called Blast Actions on Structures In Steel (BASIS)

has been proposed to investigate and develop a methodology for the safe design of low to

medium rise o�ce buildings subjected to large external explosions.

The research work in BASIS project is based on a reference building of a typical business

park o�ce building that �ts the description of low to medium r ise building. This three-

storey o�ce structure (See Fig. 1 and 2) was designed based on usual loadings in simple

construction using the principle of Eurocodes 1993 and 1994. In this type of frame building,

the composite oors are supported by steel columns. The windactions are transmitted from

fa�cades to the vertical steel bracings by the diaphragm action of the composite oor and

by shear actions of shear connection. From the reference building design in [1], the wind

action expected to transmit through the shear connectors wasestimated at 10 kN=m. The

response of such multi-storey steel frame building subjected to blast loading involves complex

interactions between building envelope, composite oor, frame system, and connections. The

load transfer between the composite oor and its frames depends strongly on the performance

of the shear connectors. Headed steel stud anchors welded to steel beam and encased in

2
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Figure 1: Architectural fa�cade view
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concrete are commonly used as shear connectors to transfer forces in the composite beam

system. Being a part of BASIS project, this paper presents an experimental investigation

on the residual shear sti�ness and strength of stud connectors after being submitted to blast

actions. For the past 50 years, di�erent aspects of the behavior of the headed steel studs

such as failure mode, shear capacity and load-slip relationhave been assessed throughout

empirical studies using small-scale standard or full scalepush-out tests. After the earlier

push-out tests [2, 3], small-scale standard tests were established in CP117 [4], BS5950 [5] and

Eurocode 4 [6]. In such tests, the push-out specimen is composed of a pro�led steel beam

connected to two blocks of concrete by shear connectors. Ollgaard et al in 1971 [7] used

the small scale push-out test setup to investigate the capacity and behavior of stud shear

connectors embedded in lightweight and normal weight concrete. Prakash et al [8] presented

modi�ed pushout tests to determine shear strength and sti�ness of high strength steel studs,

in which the reinforcement, method of casting concrete and test setup were altered from the

standard tests with an adaptation to enhance splitting resistance of reinforced concrete. In

addition to this, Shim et al [9] performed pushout tests on specimens fabricated in accordance

with Eurocode 4 [6] to determine static behavior of large studshear connectors (diameter 25,

27, 30 mm stud). On the other hand, Lloyd and Wright [10] conducted a series of large scale

push-out tests of composite beam specimens (See Fig. 3) with the objective to recommend a

standard con�guration for through-deck push-out test. In their study, 42 push-out tests have

been performed by varying some parameters such as the width of the slab, the detail of mesh

reinforcement, and the number of pro�led steel sheet pitches. Having similar test setup to

the one described in [10], Smith and Couchman [11] carried out 27 push tests on specimens

of composite beam using a new push rig to investigate the e�ect of variables such as meshed

position, transverse spacing of shear connectors, number of shear connectors per trough and

the slab depth. In 2009, Hicks [12] also implemented two typesof tests on the headed stud

connectors welded in pro�led steel sheeting and embedded inreinforced concrete slab. One

of his setups is a standard push-out test as de�ned in Eurocode 4 [6] whereas the other setup

is a full-scale composite beam illustrated in Fig. 4. Apart from this, Lam [13] proposed

a new horizontal push-out test setup using full-scale specimens of composite beams with

4
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precast hollowcore slab. He performed 7 push-out tests with anew con�guration of headed

studs in solid RC slabs to validate the test procedure, and the results agreed well with the

ones speci�ed in the available codes [5, 6]. This new full-scale horizontal test arrangement

is proposed due to the reasons that the standard push-out test speci�ed in Eurocode 4 does

not �t for a specimen of precast hollowcore composite slab. Later in 2011, Qureshi et al [14]

adopted the new horizontal push-out test con�guration presented by Lam [13] to carry the

push tests on headed shear studs in composite beams with composite pro�led sheeting slab.

Parametric studies were then performed through a simulation of the push-out test using a

3-dimentional nonlinear �nite element model in ABAQUS/Explicit [15] to investigate the

e�ect of shear connector spacing and layout on the shear connector capacity.

900 mm

900 mm
1355 mm

Mesh reinforcement 

Headed stud

115 mm

55 mm

Figure 3: Lloyd and Wright's push test arrangement series A

1387 mm 2350 mm 2526 mm 1387 mm2350 mm

A B C F

Figure 4: Hicks' composite beam 1 test arrangement

In composite construction of steel frame buildings, composite oors have important roles

5
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in performing diaphragm action both to transmit lateral loads to the bracing system and to

pass on vertical load to frame system. In such a case, the headed shear studs are subjected to

combined tension and shear action. Pallar�es and Hajjar [16]assessed the limit state formulas

for headed stud anchors under shear-tension interaction action against 54 experiments found

in literatures [17, 18] in the context of AISC speci�cations and compared the results with

standard provisions [19, 20, 21]. However, the structural behavior of headed shear studs

embedded in composite slabs with pro�led steel sheeting under combined action has not

been assessed yet. Besides, to the best knowledge of the authors, the inuence of the initial

damage of the composite beam-slab connection caused by uplift blast action onto shear

capacity of headed shear stud connectors has not been investigated in the literature yet.

However, the knowledge of this residual strength is importantfor the design since the load

bearing capacities of the composite beam rely on the composite action between the steel

beam and the composite slab.

This paper aims at evaluating the inuence of explosion on the shear capacity of headed

shear stud connectors welded to steel beam and embedded in composite oor with pro�led

steel sheeting. A large-scale horizontal push-out test of the composite beam is employed to

determine both initial and residual shear properties of theheaded shear connectors. The

initial damage caused by the explosion is experimentally reproduced by a pull-out test of

the composite beam specimen. Two types of numerical simulations of the composite beam

specimen, namely a simple beam model and a full solid element, have been created in

ABAQUS/CAE [22] to validate and analyze the phenomenon in the experimental test.

2. Experimental Plan

To be able to determine experimentally the residual sti�nessof the shear connectors in the

composite beam after it has su�ered out-of-plan damage caused by high pressure from blast,

the following experimental plan was de�ned. First, three composite beam specimens were

submitted to push-out tests at Institut National des Sciences Appliqu�ees de Rennes (INSA

de Rennes) in order to �nd their initial shear characteristics. Next, two of the specimens

were sent to Institut National de l'Environnement Industriel et des Risques (INERIS) for

6
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the explosion test to generate damage due to blast. The third specimen was prepared to

serve as a reference to de�ne the shear capacities of the connectors without initial blast

damage. After being exposed to explosion, the two specimen were delivered back to INSA

de Rennes to perform the push-out tests in order to determinethe residual shear sti�ness

and the ultimate shear resistance of the specimen. At this stage, the third specimen was

also tested for the shear resistance.

Unfortunately, the explosion tests at INERIS had completely destroyed the two composite

specimens, which made it impossible to test them for residualsti�ness. As a consequence,

it was decided to alter the experimental plan. A supplementary pull-out test was performed

on the third specimen to quasi-statically reproduce the pre-damaging of the specimen. It

has been proven in [23] that the response of the specimen under explosion in the experiment

was quasi-static. Such behaviour can be reproduced by the pull-out type test. The damaged

specimen was then tested for the residual sti�ness and the ultimate shear resistance.

3. Specimen and Material Properties

The composite beam specimen was de�ned with regard to the aforementioned reference

building, with some necessary adaptations following the installation capacities of the labo-

ratory at INERIS. Illustrated in Fig. 5, the specimen was composed of a composite oor

with steel pro�le sheet, an IPE-200 steel beam made of S355 steel and a line of 8 shear

studs with a nominal yield strength of 450 MPa. The compositeoor, with the dimension

of 1800mm-by-2000mm and the thickness of 100 mm, was fabricated by casting concrete

of a C25/30 type on a corrugated steel sheeting Comor 46 whose nominal yield limit was

280 MPa (supplied by Tata Steel) with HA-6mm meshed reinforcement. A 20-mm concrete

cover was chosen in order to have the same amount of concrete over and under the rebar

mesh above the crest of the steel sheet. The spacing of reinforcement was arranged to be

225 mm in both directions. In each ute, an HA-8mm rebar was placed as prescribed in the

technical documentation of the Comor. As the ute at the edges were changed to respect

the width of the tunnel used to apply the blast action, a supplementary reinforcement was

added to obtain the same steel-concrete ratio. In the other direction, the reinforcement was

7
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adapted at the edges because the length of the specimen was also �xed by the dimension of

the blast setup. Consequently, for edges perpendicular to crest lines, two HA-6mm rebars

with spacing of 75 mm were welded to 6-mm rebar mesh, see Fig. 5.For edges parallel to

crest lines, the rebar frame in the edge utes consisted of four HA-6mm rebars placed along

the edges. The lower rebars were �xed to the rebar mesh by stirrup of 6-mm diameter with

75-mm spacing. Similarly, in each ute, two HA-6mm rebars werewelded to both the lower

8-mm rebar along the crest line and the two HA-6mm rebars. The rebars of diameter 6

mm and 8 mm had a nominal yield strength of 500 MPa. In order to know the actual yield

strength, six tensile coupon tests were made for each material, i.e. Comor 46, 8-mm rebar,

6-mm rebar and shear stud. The results are summarized in Table 1 where the yield strength,

the mean value of yield strength, the ultimate strength and the mean value of the ultimate

strength are denoted byf y, f ym , f u and f um , respectively. For all the materials, the obtained

mean values passed the nominal yield strength. On the other hand, the concrete material

Figure 5: Composite beam specimen

is of a strength class C25/30 formulated according to the norm BPS EN 206-1, with an en-

vironment class of XF1, a 0.4 chloride and the maximum dimension of the gravel at 16 mm.

All the three specimens were concreted on 30/07/2014. A series of compressive cylinder tests

8
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Table 1: Results of tensile coupon tests.

Material Coupon f y [MPa] f ym [MPa] f u [MPa] f um [MPa]

Comfor 46

1 314.85

312.78

379.75

382.03

2 307.93 380.84

3 309.73 383.76

4 315.02 383.33

5 315.67 382.60

6 313.45 381.89

HA-8mm rebar

1 494.71

500.66

630.45

629.68

2 492.06 629.69

3 497.43 621.11

4 501.19 627.47

5 489.74 624.81

6 528.85 641.53

HA-6mm rebar

1 507.54

511.04

634.07

631.54

2 513.23 631.00

3 508.52 629.50

4 507.57 616.14

5 515.25 639.93

6 514.12 638.63

Shear stud

1 406.98

432.57

496.71

520.04

2 442.20 539.69

3 473.64 545.53

4 417.30 507.82

5 405.22 499.03

6 450.09 531.48

9
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Table 2: Results of cylinder compressive tests

Test date Age [days] f c [MPa] f cm [MPa]

01/09/2014 33

37.23

37.1536.26

37.96

06/11/2014 99

42.98

43.4013.47

43.82

28/11/2014 121

41.87

42.2542.63

16.24

of concrete specimens were carried out at the age of 33 days, 99 days and 121 days. The tests

at the age of 33 days were to determine the nominal strength ofthe concrete while the tests

at 99 days and 121 days were made before and after the initial sti�ness tests respectively in

order to know the concrete strength at the approximated time of testing. The results of the

cylinder compressive tests are summarized in Table 2 where the concrete strength, the mean

value of concrete strengths are denoted byf c and f cm , respectively. Among the cylinder

tests, two tests were not taken into consideration due to erroneous results. The concrete

class speci�ed in the design of reference building was C30/37; the mean value of the concrete

strength from the tests was obtained atf cm = 37:15 MPa, which is quite comparable to the

mean value theoretically assumed for the concrete C30/37 (f cm = 38 MPa).

4. Push-out Test: Experimental Setup and Loading Procedure

The experimental setup of the horizontal push-out test of the composite oor was po-

sitioned on a rigid frame system (meshed oor and reacting frame), as shown in Fig. 6.

The rigid frame system was designed to have large rigidity sothat its displacements in all

directions are not allowed to occur. Local buckling of the elements in the rigid system is

also avoided by sti�eners. Having one end �xed to the reactingframe by bolts, a hydraulic
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servo controlled actuator applied a horizontal load on one of the IPE 200 beam's end cross-

sections. This force jack has a load capacity of 500 kN for theinitial and residual sti�ness

test and 1500 kN for the residual ultimate resistance test. At the other end of the speci-

men, the composite oor was placed in contact with a rigid steel beam all along its edge's

width (See detail A and C in Fig. 6). The uplift displacement of the oor at this edge

was prevented by an L-shape steel pro�le (See detail A). The composite beam specimen was

placed horizontally on two vertical supporting steel columns called potelet. Each interface

between the IPE-200 steel beam and the potelet was equipped with double greased PTFE

plates to reduce friction between the surfaces. The poletets are �xed to the rigid meshed

oor by bolts. The uplift displacement of the steel beam was also avoided by bolts in slotted

holes (only horizontal movement is allowed) as shown in Fig. 7. According to the formula

Figure 6: Push-out test setup

provided in EN 1994.1.1/6.6.3.1, the shear resistance of the 19-mm shear stud with nominal

yield strength of 450 MPa in solid concrete panel is providedby

PRd;c = min ( PRd;1 ; PRd;2) = 81:7 kN (1)
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Figure 7: Interface between the potelet and the IPE 200

in which

PRd;1 =
0:8 � f u �

� d 2

4
 v

=
0:8 � 450�

� 192

4
 v

= 81:7 kN (2)

PRd;2 =
0:29� a � d2 �

p
f ck � Ec

 v � 1000
=

0:29� 1 � 192 �
p

35� 30� 103

1:25� 1000
= 85:8kN (3)

wheref u is nominal yield strength of the stud; v, safety factor;d, diameter of the stud;f ck,

nominal strength of concrete;Ec, Young modulus of concrete;a = 1.

However, the shear resistance of the stud in the sheeting pro�le, which is the design

shear resistance per stud, is determined by multiplying the shear resistance per stud in solid

concrete panelPRd;c with a reduction factor kt as

PRd;s = kt � PRd;c = 81:7 � 1:04 = 85 kN (4)

in which

kt =
0:7b0

nr hs

�
hstud

hs
 1

�
=

0:7 � 105
p

1 � 46

�
76
46

 1
�

= 1:04 (5)

with nr , number of stud per trough;b0, average width of trough;hs, height of the sheeting

pro�le.

The estimated shear resistance per stud is then calculated by multiplying the safety

12
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factor with the design shear resistance as following

PRd =  v � PRd;s = 1:25� 85 = 106:2 kN (6)

For 8 studs, the ultimate shear resistance was approximately at 850 kN. The capacity of the

force jack of 1500 kN and the design of the bracing system and test setup for the load of

1500 kN were su�ciently strong to ensure proper test conditions.

In the push-out test for initial and residual sti�ness, the maximum load was limited at

100 kN to avoid possible cracking in concrete material. Three phases of the servo-controlled

loading procedure were exerted:

� The load was increased until 10 kN;

� 10 cycles of loading and unloading procedure between 10 and 20kN were applied;

� 5 cycles of loading and unloading procedure between 10 and 100 kN were applied.

In push-out test for residual ultimate resistance, the loadwas increasingly applied until

the collapse of the specimen.

The longitudinal slip was measured by LVDT sensors with a maximum displacement

capacity of += 2.5 mm, placed at ten locations as indicated in Fig. 8, for the initial and

residual sti�ness push-out test. On the other hand, for residual ultimate resistance push-out

test, the longitudinal slip was recorded only at four locations where LVDT sensors with a

maximum displacement capacity of += 25 mm were located (see Fig. 9). Fig. 10 gives a

general view of specimen and test setup.
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Side y > 0

Side y < 0
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Figure 8: LVDT sensors: initial and residual sti�ness test

z

x
y

Side y > 0

Side y < 0

Both sides

Figure 9: LVDT sensors: residual ultimate resistance test

Figure 10: Push out test: side view of experimental setup
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5. Pull-out Test: Experimental Setup and Loading Procedure

It can be inferred from the results of the numerical simulations of blast tests on the

specimen, which were done by Tecnalia within the BASIS project[23], that the inertia

e�ect is negligible. Hence, to reproduce the pre-damage of the explosion, a supplementary

pull-out test that applies a quasi-static load was suggested. The experimental set-up of the

pull-out test is illustrated in Fig. 11. In this setup, the IPE-200 steel beam of the composite

beam specimen was connected to a steel frame by 32 HM-10 bolts arranged into two lines.

The frame consisted of an HEB-300 pro�le at top, an HEB-400 pro�le at bottom and two

HEA-200 pro�les. Two hydraulic servo controlled actuators with a capacity of 500 kN

applied vertical loads on the HEB-300 pro�le of the frame symmetrically so that a uniform

distribution of tension forces and damaging in every stud can be achieved. The composite

beam specimen was placed at the Comor side on two HEB-300 stringers parallel to the

IPE-200 steel beam. The interface between the Comfor steel sheeting and the stringers was

made by two greased PTFE plates to reduce friction between thesurfaces. The stringers

were hinged to UPN-220 supporting columns with free rotation. Potentiometer sensors were

placed at three locations (See Fig. 12(a)) at mid-span to measure the global displacements

of the specimen. A sensor with a maximum displacement capacity of + = 100 mm was

used at the locations below the bottom surface of the HEB-400 pro�le whereas sensors with

a maximum displacement capacity of += 25 mm were used at the locations below the

bottom surface of the stringers. The vertical uplift of the stud connectors were recorded by

8 LVDT sensors, with a maximum displacement capacity of += 2.5 mm. These sensors

were located along the IPE-200 steel beam, see Fig. 12(b). From the measurements made

during the blast test at INERIS, the load applied on the steel beam was 280 kN. However,

the test set-up was designed for an applied load up to 800 kN. Due to the uncertainty on

the maximum applied load that would not completely damage the specimen, the loading

procedure follows two phases:

� First, the specimen was loaded up to 70 kN, and the initial sti�ness is determined

based on force-mean displacement curve.
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Figure 11: Pull-out test set-up
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� Then, the loading was resumed with low rate so that it could be stopped if the dis-

placement lead to a secant sti�ness that was ten time smallerthan the computed initial

sti�ness or if a signi�cant change of the evolution of the specimen could be visually

observed.

(a) (b)

Figure 12: (a). Potentiometer sensors (b). LVDT sensors.

6. Pull-out Test: Experimental Results

The pull-out test of the third specimen was carried out on 28/04/2015. Two force

actuators applied downward forces on the specimen by imposing displacements, and the

force history was recorded by the Deltec force sensors. The relative displacement between

the two force jacks was adjusted along the test in order to maintain similar forces in each

jack. Two cycles of loading and unloading between a total force of 30 and 70 kN were made

to acquire information about the initial sti�ness. The force- displacement curve using global

displacement is plotted in Fig. 13. The loading was stopped assoon as the force was seen

decreased with increasing displacement. The maximum forceattained was measured to 162.6

kN, which gives approximately 20 kN per stud. The evolution ofthe uplift displacements

measured by the LVDT sensors is presented in Fig. 15. The uplift displacement grew larger
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at the extremities. It was considered that the studs had reached their maximum limit load

with the evidence of the uplift displacement ranging between 0.6 mm to 2.3 mm. It was

concluded that the yielding of rebars happened as a plateau was observed in the force-

displacement curve. The cracking of concrete after pull-out test is shown in Fig. 14. The

concrete zones around the shear connectors were surely damaged because large values of

beam-concrete uplifts were measured. Yielding of steel sheet was also noticed.
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Figure 13: Pull-out test: force-displacement curve using global displacement

 

(a)

 

(b)

Figure 14: Cracking of concrete at both sides of the composite beam specimen
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Figure 15: Pull-out test: force-slip curve

7. Push-out Test: Experimental Results

7.1. Initial sti�ness test

Three push-out tests for initial sti�ness of the composite beam specimens were carried

out on 03/11/2014, 05/11/2014 and 06/11/2014 respectively. For these tests, the contact

between the concrete and the support was limited to a width of60 cm only. The slip recorded

by the LVDT sensors at the applied load of 100 kN are reported inFig. 16. It appears that

the slips are larger at the extremities than in the middle, making uneven distribution of the

slips. Similar results were obtained in specimen 1 and 3 while the stud near the support

seem to have been excessively load-concentrated in specimen 2, leading to decrease in forces

at the other studs. Such local e�ects can be expected at very low level of applied shear load

due to possible parasitic phenomena. The force-slip curves for all the three specimens are

plotted in Fig. 17.

To make a veri�cation of the result with the analytical expression [24], the force at each

stud is calculated using the expression in Eq. (7). The forcesummed for all the studs are

presented in Table 3, and the level of magnitude of the force agrees well with the actual
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Table 3: Initial sti�ness push-out test: total force of all the studs fr om slip measurement

Specimen 1 2 3

Total force [kN] 106.5 73.5 90

applied load of 100 kN.

P = Pu

�
1  e 1:22S0:59

�
(7)

wherePu = 106:2 kN is the ultimate resistance of the stud (see Eq. (6)) andS is the slip of

the stud.
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Figure 16: Initial sti�ness push-oute test: Slips at the applied load of 100 kN
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Figure 17: Initial sti�ness push-out test: force-slip curves

7.2. Residual sti�ness test

After pull-out test, the third specimen was submitted to push-out test for residual sti�-

ness on 07/05/2015. For this test, the contact between the concrete and the support was

limited to a width of 60 cm only. The evolution of slips with the force is shown in Fig. 18.

The response behavior in the �rst cycle of the loading and unloading between 10 and 100

kN di�ered from the other four cycles. This can be explained by the fact that the concrete

zone around the stud must have been damaged by the pull-out test, which required some

movement in the �rst cycle to obtain good contact again. The comparison is also made in

Fig. 19 between the mean slips obtained in the initial sti�ness push-out test and the slip

observed in the residual sti�ness test for the �rst and the last loading/unloading cycle. The

mean value among the slips are summarized in Table 4. It can beapproximately deduced

from the results given in Table 4 that the residual sti�ness ofthe composite beam equals to

the initial sti�ness divided by a factor in a range between 10and 20. The force-mean slip
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curves of all the three specimens in the initial sti�ness test and the residual sti�ness test for

the last cycle of loading are presented in Fig. 20.
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Figure 18: Residual sti�ness push-out test: force-slip curves
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Figure 19: Push-out test: comparison of slips at 100 kN
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Figure 20: Push-out test: comparison of force-slip curves for the last cycle

Table 4: Residual sti�ness push-out test: mean slip of the studs at 100 kN

Test Mean slip [mm] Ratio Residual/Initial sti�ness
Initial sti�ness test 0.022 1

Residual sti�ness test { last cycle 0.23 10.4
Residual sti�ness test { �rst cycle 0.38 17.4
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7.3. Residual ultimate resistance test

To acquire the residual resistance of the composite beam specimen after pre-damaging

by pull-out force, the push-out test of the specimen up to theruin of the specimen was

performed on 13/05/2015. The evolution of the mean slip against the force is presented

in Fig. 21. There was an accidental move of the test setup, which made an unloading at

around 400 kN. However, the reloading reached the same envelopcurve. The maximum load

corresponding to the residual resistance of the specimen was attained at 530 kN. Although

the initial resistance was not determined from experimental test, the formula provided in

EN 1994.1.1/6.6.3.1 gives an initial resistance of 850 kN. From that, it can be deduced that

the resistance of the composite beam is reduced by around 40 percent for a pre-damaging

that has led to the yielding of the rebars under pull-out action with a mean uplift of 1.3

mm.
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Figure 21: Residual resistance push-out test: force-slip curve
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8. Numerical modelling

8.1. Initial sti�ness test { Simpli�ed model

This section presents a simpli�ed model of the composite beam specimen with a purpose

to verify the accuracy of the initial sti�ness test with respect to the analytical formula in

Eq. (7) and vice versa. This simpli�ed model was created in ABAQUS/CAE using beam

elements for the composite oor and the IPE-200 steel beam. Elastic model was used for

material behavior of the composite oor and the IPE-200 beam. The shear connectors

are modelled by two rigid elements that are linked by CARTESIAN-type connector (See

Fig. 22). CARTESIAN-type connector is an option available in ABAQUS, which provides

a connection between two nodes at which the change of the position is measured at the

three local directions by de�ning a local origin at one node,and the change is measured at

the other node in reference to the �rst one. Not imposing any kinematic constraints, such

connector's behavior can be assigned separately with respect to di�erent directions. Hence,

the behavior property of the CARTESIAN-type connector is de�ned by a large sti�ness

whereas, in horizontal direction, the force-displacement relation is de�ned following Eq. (7).

MPC TIE (Multi Point Constraint), an option available in ABAQ US, is used to tie the

concrete oor and the IPE-200 steel beam to the Cartesian connector, which has been put

at the level of steel-concrete interface, see Fig. 22.

8.2. All test { Full solid model

8.2.1. Geometry, constraint and contact interaction

In this section, a full model of the composite beam specimen is presented. Created in

ABAQUS/Explicit, the concrete, shear stud and IPE-200 steel beam were modelled using

a linear 8-node reduced integration hexahedral continuum element (C3D8R) whereas the

pro�led steel sheet was modelled by a linear 4-node reduced integration quadrilateral shell

element (S4R). The meshed rebars were, on the other hand, modelled by a linear 2-node 3D

truss element (T3D2). Each of the material parts was partitioned in a way that structured

meshing technique could be applied. The concrete oor part was cut out at the zone where

the studs were located. The contact interaction with general contact was used to model the
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 Concrete floor

IPE-200 steel beam

Cartesian Connector

MPC Tie

Rigid element

Figure 22: FE simulation: simpli�ed model

contact behavior between the concrete panel and shear studs, concrete panel and pro�led

steel sheeting, and pro�led steel sheet and HEB-300/IPE-200steel beams. Hard contact

and friction penalty were employed for the normal and tangential behavior respectively.

A friction coe�cient of 0.5 was used for the contacts betweenthe pro�led steel sheet and

the concrete panel and between the shear studs and the concrete panel, and 0.1 for the

other contacts. Tie constraints were used to tie shear studs to the IPE-200 steel beam.

The rebar mesh was embedded in the concrete panel. The HEB-300 steel beams that

support the specimen are constrained to a reference point using Rigid-Body Constraint.

The con�guration of the modelling used to simulate the pull-out test is shown in Fig. 23.

The boundary conditions for the pull-out test and the push-out test are illustrated in Fig.

24(a) and 24(b), respectively. In the pull-out test, the reference points that constrain the

HEB-300 steel beams are �xed in all directions except the rotation around x-axis. In the

push-out test, the picked bottom surfaces of the IPE-200 steel beam are �xed in vertical

direction (y-axis), the picked edge surface of the concretepanel is �xed in horizontal direction

(x-axis), the picked top surface of the concrete panel is �xed in vertical direction (y-axis),

and the reference points that constrain the HEB-300 steel beams are �xed in all directions

except the rotation around x-axis.
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Figure 23: FE simulation: Full solid model
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(a) Pull-out test

(b) Push-out test

Figure 24: Boundary conditions in the simulations
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8.2.2. Material model

The concrete damaged plasticity model was used for concretematerial behavior. For

the behavior in compression, the stress-strain relationship was used in accordance to EN

1992.1.1:

� c = f cm
k�  � 2

1 + ( k  2)�
(8)

in which

k =
1:05Ecm " c1

f cm
(9)

� =
" c

" c1
(10)

where " c1 = 0:7f 0:31
cm is the strain at ultimate compressive strength of concrete;" c is the

compressive strain in concrete;Ecm is the secant modulus of elasticity. Following [14], the

tensile behavior of the concrete was modelled by the tensilestress (� t ) versus the cracking

displacement (w) relationship that was de�ned by:

� t

f t
= f (w)  

w
wc

f (wc) (11)

with

f (w) =

"

1 +
�

c1w
wc

� 3
#

exp
�

 
c2w
wc

�
(12)

wc = 5:14
Gf

f t
(13)

where f t is the tentile strength, c1 = 3 and c2 = 6:93, for normal density concrete, are

material constants, and the fracture energyGf is de�ned by [25]:

Gf = 73f 0:18
cm (14)

For steel material model of pro�led steel sheet, shear studsand rebar, an elastic perfectly

plastic material behaviour is used. The modulus of elasticity of all the steel steel components

is taken as E = 200 GPa. The yield stress of the pro�led steel sheet, shear studs and pro�le
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beams is assumed to be 355 MPa while yield stress of the rebarsis taken as 535 MPa.

8.3. Parametric study

In order to better study the e�ect of pre-damaging on the resistance and sti�ness of the

shear stud connectors, the level of the pre-damaging is varied in the numerical simulation by

changing the global pull-down displacement, which was 18.75 mm in the experimental test

(see Fig. 13). The values considered are 0, 10 mm, 18.75 mm, and25 mm. The �rst value

will provide information about the initial resistance that is lacking in the experimental test.

8.4. Results of the numerical simulations

8.4.1. Initial sti�ness push-out test

The initial sti�ness push-out test was simulated using the beam model in ABAQUS/CAE

software. Fig. 25 shows the deformed con�guration of the beammodel. The result obtained

from the simulation is compared with the mean slip values obtained from the initial tests

of specimen 1 and 3 in Fig. 26. The overall results (both the distribution and the magni-

tude values of the slips) are in good agreement between the numerical simulation and the

experimental tests. The analytical formula in Eq. (7) includes most e�ects in the behavior

response of shear connector based on previous experimental studies. This comparison shows

that the experimental results are consistent with the classical background on the behavior

of the shear connectors.

Figure 25: Simpli�ed model: deformation (in mm)
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Figure 26: Initial sti�ness test: Comparison of slips between experimental data and numerical simulations

8.4.2. Pull-out test

The pull-out test of the third specimen was also simulated using the full solid model.

The force-uplift curves are compared between the experimental test and the numerical sim-

ulations (with di�erent level of pull-out displacement) in Fig. 27. This pull-out test was

intended to apply pre-damaging to the specimen in order to reproduce the explosion e�ect.

During the experimental test, a global pull-out displacement of 18:75 mm was applied. The

loading was stopped when the yielding of the steel sheet and rebars were assumed. With

the same level of global pull-out displacement, the analysis of the stresses in the simulation

con�rms that the material yielding of the Comor pro�led steel sheet and rebar occurred in

the utes near the studs (see Fig. 28 and 29). Based on the stress map, the pull out force

seems to develop from the head of the studs toward the web of the Comor. This distribu-

tion of the load caused the yielding of the Comor. This can beset in evidence by a strut
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and tie model representing the local equilibrium of the forces. From the strut and tie model

with the dimensions presented in Fig. 30 and the yielding loadin the Comor, a collapse

load of the stud is computed to 23 kN. This value of collapse load per stud agrees well with

the one of 20 kN from pull-out experimental test. The numerical simulation con�rms the

yielding of the Comor and of the rebars, which was suspectedfrom the observation of the

force-displacement curve in experimental test. Fig. 31 showsthe degree of the cone-shape

damage of the concrete panel after the pull-out action.
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Figure 27: Pull-out test: comparison between experimental test and numerical simulation
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Figure 28: Stress map of pro�le steel sheet

Figure 29: Stress map of rebar mesh
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Figure 30: Strut and tie model

Figure 31: Tensile damage of the concrete after pull-out
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8.4.3. Residual push-out test

The push-out test was also simulated in a 3D model. The model was pre-damaged by

the simulation of the pull-out test, and then submitted to the push-out load in order to

determine the residual sti�ness and resistance. The �nite element modelling of the post-

failure behaviour of this composite beam specimen under pull-out and push-out actions is

highly complicated in account of the inelastic brittle material behaviour of concrete, the

localized characteristics of shear stud connectors and thesimultaneous contact interaction

between various components. Various uncertainties such ascontact property between the

concrete panel and steel sheet also take part in the di�culty of the numerical simulation.

Due to such di�culty to model the coupling e�ect of the damage caused by pull-out force

to the shear resistance, the simulation was not able to reproduce the shear sti�ness of the

shear connectors in the composite specimen obtained in the experimental experiment.

In spite of that, the curves of the push-out load versus the mean slip are plotted in

Fig. 32, illustrating the comparison of the results obtained from the experimental test and

the FEM simulation. Considering the mentioned di�culties, it can be observed that the

load-slip behaviour in the numerical simulation (with an initial global pull-out displacement

18:75 mm) resembles the one obtained in the experimental test reasonably well.

The applied push-out force is distributed to the shear studs in a way that the stud closer

to the applied force is under the most stress (Fig. 33). This can also be illustrated by the

equivalent plastic strain in Fig. 34.

The load-slip curves are also illustrated in Fig. 35 for di�erent global pull-out displace-

ments. The initial shear resistance of the shear stud connectors obtained in the simulation

(zero global pull-out displacement) is 855 kN, which agrees well with the theoretically pre-

dicted initial resistance of 850 kN (Eq. (6)). The load-slipcurve makes no signi�cant change

between the case without pre-damaging and with pre-damagingof 10 mm global pull-out

displacement. Although the steel sheet and the reinforcementbars have reached their elas-

tic limit with the pre-damaging of applied 10 mm global displacement, the crack opening

of the concrete panel was still insigni�cant that the concrete around the shear stud has

not been damaged by the pull-out load of 10 mm. On the other hand, the resisting load is
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Figure 32: Comparison of residual ultimate load between experimental test and FEM simulation

(a) Stud 1 to 4

(b) Stud 5 to 6

Figure 33: stress map at the peak load of 600 kN in �nal push-out
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(a) Stud 1 to 4

(b) Stud 5 to 6

Figure 34: Equivalent plastic strain map at the peak load of 600 kN in �nal push-out
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Figure 35: Comparison of residual ultimate load with di�erent of pull-out d isplacements
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reduced in the case of 18:75 mm and 25 mm. Besides, the load-slip curves do not di�er much

between the cases of 18:75 mm and 25 mm of the initial pull-out action. A general conclu-

sion that can be drawn from this parametric study is that the ultimate shear resistance of

the stud connectors is inuenced by the damage of the concrete material around the shear

studs. A reduction of approximately 40 % of the ultimate shear resistance is obtained for

the pre-damaging that leads to major concrete cracking.

9. Conclusion

This paper presents a series of large-scale push-out tests and pull-out tests carried out

with the aim to evaluate the inuence of pre-damaging on the shear capacity of headed shear

stud connectors welded to steel beam and embedded in composite oor with pro�led steel

sheeting. Three specimens were submitted to push-out teststo determine the initial shear

sti�ness of the shear connectors. Next, a pull-out test was carried out on one specimen to

reproduce the pre-damaging by explosion of the specimen. The pre-damaged specimen was

then submitted to shear load in another push-out test to �nd the residual shear sti�ness.

Finally, the residual resistance of the specimen in shear was determined in a last push-out

test that applied the shear load until full collapse of the specimen.

Two models of numerical simulation have also been performedto assess a better under-

standing of the experimental tests. The results from the numerical simulation provide the

following insights. For one thing, experimental results ofinitial push-out tests are consistent

with the information provided by the large historical background about the headed stud be-

havior under shear loading. Second, the yielding of the specimen attained in the pull-out

test was con�rmed and quanti�ed.

At the end, the following information can be concluded:

� For studs in a steel-concrete connection of a composite beamthat are submitted to a

pull-out action that leads to the damage of the concrete around the shear studs, the

residual sti�ness in shear is reduced by a factor in a range between 10 and 20 compared

to their initial sti�ness.
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� Their residual resistance in shear is decreased by a factor ofabout 2 compared to their

initial theoretical resistance without pre-damaging.

This preliminary study gives only partial information. However, from a practical point

of view, the order of magnitude for the reduction of the initial sti�ness due to pre-damaging

can be considered accurate enough, bearing in mind the large uncertainties on the level of

the blast actions. Regarding the resistance, it can also be inferred that the residual strength

of the shear studs is su�ciently large to resist the usual wind actions as this latter induces

forces that are small compared to the residual resistance.

As a conclusion, this paper gives a �rst full practical approach for evaluating the residual

capacities of shear stud connection after being submitted to a blast action.
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