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Abstract

In this study, direct shear tests of HPFRC - qpéste composite elements are conducted so
as to evaluate shear stress — relative displacemawes of the interfaces. Besides three-
point loading experiments of the HPFRC - steeleplaamposite beams were conducted. In
those experiments, kinds of resigns and shear keygsits combinations applied in the
interface are chosen as parameters. In this paper,the interface affects the mechanical
behaviour of the composite elements and beamss@ussed. Furthermore, Finite Element
Analyses, in which the shear stress — relativela@tgment curves found in the direct shear
tests were installed, are performed to examindditire mechanism of the composite beams.
The paper describes that the ultimate load of tRERIC and the steel plate composite beams
is determined by interface failure and the FE agialgan predict the behaviour reasonably.

Résumeé

Dans cette étude des essais de cisaillement dieedalles composites BFUP / téle en
acier sont realisés afin de déterminer les cortgaime cisaillement et les déplacements
relatifs a l'interface acier BFUP. Par ailleurgsdessais de flexion trois points de barreau
composite BFUP / plague acier ont été réaliséss@an essais, plusieurs sortes de résine de
connexion et/ou de connecteurs sont testées. e axpose comment l'interface affecte le
comportement mécanique des éléments compositesutia) des analyses par éléments finis,
dans lequel la loi de comportement contrainte dmiltiément / courbes de déplacement
relatifs trouvés dans les essais de cisaillemergctdisont effectuées afin d'examiner le
mécanisme de rupture des éléments compositeidlgarhontre que la charge ultime de la
dalle composite BFUP / acier est déterminée panpéure de l'interface et que l'analyse par
éléments finis fournit une prévision correcte dmportement de la structure.
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1. INTRODUCTION

Countermeasure of orthotropic steel decks is onevarfidwide issues for developing
sustainable society. Several researches have beesm sb as to improve durability and
serviceability of bride decks before now [1][2]. Japan, a few years ago, fatigue cracks in
orthotropic decks were found [3] and the mecharo$tme damage has been investigated [4].
Repairing and/or strengthening of the orthotropeekdecks are now urgent issue as well as
other advanced nations. To prevent severe damagdkeirold orthotropic steel decks, in
general, SFRC overlay with 50 to 80 mm thicknesapiglied in practice [5]. However there
are some issues of concern on speed of construatidnlong-term bond behavior of the
interface between the SFRC and the steel deck.

Authors have developed High Performance Fibre Retefd Concrete (HPFRC), which
contains rapid curing ability and somewhat lowemflability based on the mixture that we
have developed as a reinforcing material for recéd concrete members [6], under the
assumption that the HPFRC will be cast on a steek avith relatively greater bridge plate
slope. The HPFRC has 1 vol.% of 13 mm straightl §teees and compressive strength of
around 30 N/mrhat 3 hours and 80 N/nfrat 28 days.

In this study, direct shear tests of HPFRC - qpéste composite elements are conducted so
as to evaluate shear stress — relative displacemawes of the interfaces. Besides three-
point loading experiments of the HPFRC - steeleplaamposite beams were conducted. In
those experiments, kinds of resigns and shear keygsits combinations applied in the
interface are chosen as parameters. In this paper,the interface affects the mechanical
behaviour of the composite elements and beamss@ussed. Furthermore, Finite Element
Analyses, in which the shear stress — relativela@tgment curves found in the direct shear
tests were installed, are performed to examindditiere mechanism of the composite beams.

2. OUTLINE OF EXPERIMENTS

2.1 HPFRC used

To make the HPFRC, normal Portland cement, fineegde, silica fume, expansion agent,
steel short fibres, and tap water were mixed witfor@ed mixing type mixer. The fine
aggregates were inland sand and the maximum adgrege was 5 mm. The length of
straight steel fibres was 13 mm and the diametar @vh6 mm. The tensile strength of fibres
was above 2000 N/min

The target flow of fresh state and —
compressive strength at 28 days based on the | .. L}
JIS standard test were set to 110 -140 mm and
80 N/mnf?, respectively. The average of the
observed flow values was about 120 mm and
compressive strengths at 3 hours and 28 days
were above 30 and 80 N/mmespectively.

2.2 Outline of direct shear test

Direct shear tests were conducted. Overall
view of the test is shown in Photo 1. The load _ .
was applied on a front face of the HPFRC by Ehoto 1 Overall view of direct shear test
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200 hydraulic jack as shown in Fig.1 and
<——> relative displacement between the HPFRC
w40 and the steel plate was measured by
transducers.

HPFRC with 40 mm thickness was
casted on a steel plate with 12 mm

¥ thickness where a resin and/or a shear key
Shear Key were placed on the plate to unite as a
composite structure. In this study, five
HPFRC-steel plate elements with
different interfaces where types and
combinations of resins and/or shear keys
were varied were prepared as shown in Table 2. Atnofiresin in all cases was controlled
by weight

Figure 1 Specimen of direct shear test

Table 2: Details of specimens for direct sheardastexperimental results

Resign for Maximum
Sh(ler?trél:%)gglate HPFRC-Plate load Failure mode*1
Interface (kN)
Shear Ke Resigt
11 - - R1 56.¢ UP1
12 - - R2 28.1 UPZz
13 A R3 - 37.2 SF
14 B R3 - 38.¢ SF
15 C R3 - 18.C SF

*1 UP1 : cohesion failure on HPFRC surface, UP@hesion failure of resign,
SP : resign failure between shear key and plat

Table 3: Young’s modulus of resigns used

Kinds of resign Young's modulus (N/mdn
R1 Epoxy 2770
R2 Epoxy 2000
R3 Acrylate 1200

Type A B

M16 Flat Head Bol
with POM
2.3 mm thick witr
pre-cul

Bolt | M16 bolt with POM | M16 bolt with POM

Plate 3.2mm thick 2.3 mm thick

Figure 2: Types of shear keys
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The types of resign and Young's modulus are shawmable 3. The resins R1 and R2
were used as an adhesive between the HPFRC amglsteewhile the resin R3 was used as
adhesive between the shear key and the steel jtatkis study, three kinds of shear keys
shown in Fig.2 were used. Shear keys A B, and & laapolyoxymethylene resin covering
material at a bolt head. In a circular steel ptstshear key C, some pre-cut were installed
radially with the view to prevent rapid propagatiohinterface delamination between the
circular steel plate of the shear key and the gtiedd.

2.3 Outline of three-point loading experiment

The three-point loading tests were carried outviaieate capacities of HPFRC-steel plate
composite beams. In this study, five composite lseanth the interfaces examined in the
direct shear test were prepared as shown in Talllaelsize of specimen is 2.4 m long, 0.4 m
width, and 52 mm overall thickness consists of 4 rhickness HPFRC and 12 mm
thickness steel plate as shown in Fig. 3. In speesnNo0.3 to No.5, six shear keys were
attached by a resign with the space of 400 mm imvaal direction. The load was applied
monotonically at the center of span and the midispaflection was measured by a
transducer.

Table 4: List of composite beam specimens and tesul

Beam Interface | Maximum load (kN

specimen Exp. FEM Pexg/Preu
No.l 11 66.6 26.6 2.05
No.2 12 21.6 49.7 0.43
No.3 12+15 36.9 51.3 0.74
No.4 I3 17.0 14.3 1.19
No.5 14 21.6 16.1 1.34
No.3, No.4, and NO.5 gpegr Key
/ .
| vl | ==t $ 40
T 108G fHPFRC)
<— 400 —
No.1 and No.2 Resin St/eel plate (12mm)
L |
7 [/
. ! (HPFRC)
<— 40C — 800 . 400
1200 <
(a)Side view (b)Sectional view

Figure 3: Composite beam specimen (a half span)
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3. EXPERIMENTAL RESULTS

3.1 Results of direct shear test

The failure mode and the maximum load observedshosvn in Table 2. The shear stress
and relative displacement curves of all specimeasshown in Fig.4. The shear stress is the
value where applied load was divided by bonded 484 40 mm.

In specimens 11 and I12 without any shear key, tteesive failure of HPFRC surface and
the adhesive failure on the steel plate were fowsgectively. In other specimens with the
shear key, interface failure between shear keysteel plate was found.

The specimens 15 with the shear key which has teeup circular plate show rather ductile
behavior than others. Although those specimens hheesimilar shear key, the shear
strengths are greatly different. Among the specsnére bonding method using epoxy resign
between the HPFRC and the steel plate shows hpgrérmance.

: 1 -e-14
; a2 —+—15
: 13

1

o
[

Shear Stress (N/mfh

0O 01 02 03 04 05 06
Relative displacement (mm)

Figure < Relationships bween shear stress and relative displace

3.2  Results of beam test

The failure mode and the maximum load of the contpdmeams are shown in Table 4. In
all specimens, visible flexural nor shear crack$iPFRC could not be founded at any load
step and finally interface delamination between pamel and the plate was observed.
Especially the delamination failure in the specimaith shear keys was caused by interface
failure between shear keys and the steel plate.

Figure 5 shows the relationships between load amtispan deflection. The specimens
with shear keys show ductile behaviour while thecapens without the shear keys shows a
brittle manner. This tendency is very simmer tot imathe direct shear test. However the
magnitude relation in capacity is unlike shearrgites observed in the direct shear test. It
must be noted that a shear key in the beam coveasad 400 X 400 mm which is two times
larger than the area in the direct shear test. fliltber discussion on the capacity of the
beams will be conducted in next chapter with th@garison with finite element analysis.
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Figure 5: Relationships between load and mid-sgdlections

4. ANALYTICAL INVESTIGATION USING FINITE ELEMENT AN ALYSIS

4.1  Finite element program and constitutive laws

In this study, analyses were carried out with arRiDlinear FE program named CAMUI
[7], which was created by laboratory of engineerfog maintenance system at Hokkaido
University. A solid element containing 20 nodes &nghuss integration points is used in this
program. A nonlinear concrete and steel model wademented for the element. A sixteen-
node isoparametric interface element was also eghpln this study, interface elements are
prepared between HPFRC and steel elements as shdug 6. In the interface elements, the
shear stress — relative displacement curves inrd®0X 400 mm area, shown in Fig, are
installed. The curves were obtained based on tlearsktress and relative displacement
relations observed in the direct shear test wighkibnding area of 200 mm X 200 mm. Fig. 8
shows the relationships between tensile stressceack width for HPFRC [6] used in the

analysis.
HPFRC element
1

= Steel element Interface element
Figure 6: Finite element mesh

4.2  Load-displacement curves and ultimate load

Figure 9 shows the relationships between appliad End mid-span deflection predicted
by the FE program. The maximum loads in the anslgsid the ratio of analytical and
experimental ultimate loads are shown in Tablen4hk case of specimens with shear keys,
overall trend seems to be the same as experimestalts. However the analytical maximum
loads of the specimens without shear key are viéigreint from the experimental results. The
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Figure 7: Interface models for FEM Figure 8 Tension model for HPFRC
experimental maximum load in 80
specimens No.1 and No.2 are 2.5 and __N'Ol(FEN'l)
0.43 times of the analytical capacity, 70 —No2 (Fewn | 1
respectively. 60 No.2 (FE)
At casting of HPFRC in specimen No.3 (FEM) -1
R A SRR B EEECE No.4 (FEM)
No.1, the resin put on steel plate was = 50 o No.5 (FEM) [T
started to move as shown in Photo 2. As < / \\ :
a result, thickness of resin became non- g 40 4 '\\
uniform distribution. The result may 9 30 / \
affect the delamination strength of /\‘ ‘\\//
interface between the HPFRC and the 20 TN S
steel plate. 10 / Nt mininiett R
4.3  Failure mechanism 0
Figure 10 shows shear stress 0 10 20 30 40

distributions in interface elements in Midspan Deflection (mm)
analysis and shear stresses observed in
the experiment. The experimental shear
stresses are calculated using strains
attached on a side face of steel plate. In
the analysis, the load was dropped immediate
after the shear stress reached to the strengthfss
800 mm from the plate end where is the middI g
of the shear span. Because HPFRC has very hi
tensile strength, delamination between HPFREE?
and steel plate would dominate over the bealf’ -
behaviour before flexural or shear failure occurs.

Photo 2: Resin flow at HPFRC casting

Figure 9: Relationships between load and
midspan deflections (FEM)
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5. CONCLUSIONS

The following findings are 0 [QLQ o
obtalngd in the gxpenmental and ‘\ \"Q //4
analytical examinations. % 04l - _sf
In the direct shear test and the £ ' I et otk ]
beam test of HPFRC-steel plate £ Position of _, i -"V'/O:
composite members, the § -0.8 Fsupport-point Bttt |
bonding method using epoxy £ ©
resign between the HPFRC and . .1 [| ~_ 14kN(FEW) o
the steel plate shows highercé j_gzm(igm)
performance. However the » 16l O 28kNEEXP))
delamination strength is very A : —

resin. :
- Distance from plate end (mm
3D finite element analyses P (mm)
with interface models derived Figure 10 : Shear stress distributions

from the direct shear test can
simulate the composite beam behaviour reasonably.

The ultimate load of the HPFRC and the steel pta@mposite beams is determined by
interface failure before flexural or shear failgi@es take place, because the HPFRC has high
tensile strength.
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