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Abstract

In the conventional composite connection systehesheaded stud assembly was adopted
to transfer the forces between the concrete andtatal steel members. This paper describes
research that investigated the use of an altematiechanical connection system between the
embedded steel plate and the ultra-high performdibce-reinforced concrete (UHPFRC)
beam for enhancing its pull-out response. The amfbe on the peak pull-out load carrying
capacity and failure mechanism of the connectioos fthe addition of 2 % volume-fraction
of short steel fibres was investigated. The resflesxperimental tests indicated that the peak
pull-out load carrying capacity of the connectid@sds to significantly increase, as the fiber
contents were increased from 0 % to 2 %. Instruatemt based on the 3-D digital image
correlation (DIC) technique allowed for a detaiktddy of the variation of crack width during
the test and its relation to the pull-out loadiAgsubstantial improvement in the connection’s
load-slip response and stiffness was found for isp@ts made of UHPFRC material with
fibre over those without fibres.

Résumeé

Parmi les systemes de connexion traditionnels,gtegons sont souvent adoptés pour
transférer les efforts entre le béton et les élésnda charpente en acier. Cet article décrit une
recherche explorant I'usage d’'un systeme alterr@iiir connecter une platine métallique
noyée dans une poutre en béton fibré a ultra-hgagdermances (BFUP) pour améliorer sa
réponse a l'arrachement. On a étudié l'influencelaldorce d’arrachement au pic et le
mécanisme de rupture de la connexion avec un BFdipartant 2 % de fibres métalliques
courtes. Les résultats des essais montrent querda ltime d’arrachement augmente de
facon importante quand le pourcentage de fibresepds 0 & 2 %. Une instrumentation basée
sur la corrélation tridimensionnelle d'images nuicuées a permis d’étudier en détail la
variation d’ouverture des fissures pendant 'estasa relation avec l'effort d’arrachement.
On obtient une amélioration substantielle de laongp effort-glissement de la connexion, et
de sa rigidité, pour les spécimens en BFUP parargpceux ne comportant pas de fibres.
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1. INTRODUCTION

With the ever increasing concerns about the straktadequacy of buildings and
infrastructures, particularly in harsh environmemsth limited funding for ongoing
maintenance, a significant need exists to develghly durable and rapidly constructed
structural systems. To this aim, recent advanceth@ndevelopment of high-performance
materials allow for the introduction of innovatiggrder configuration systems using the
UHPFRC material as flange and steel plate as wéle. @roposed composite member is
anticipated to result in a durable building or gedsuperstructure construction with reduced
life-cycle cost, longer life spans, and enhancedrenmental sustainability. To cope with the
higher cost of the high performance material, iraime designs should be implemented in
detailing of composite members to make sure thatntfaterial is best used where it was
required.

There has been a significant advancement in the oiseHPFRC in the structural
composite sections in the few recent years [1],. [Several unique performance
characteristics, including high load carrying capa@nd stiffness, large displacement
ductility capacity as well as excellent durabilitgre reported for structural members made of
UHPFRC material [14, 15]. These members have thenpial to significantly save dead load
and to produce slender and attractive structuesthehts with lower maintenance costs [9].

Several recent researchers have investigated thalede behavior of the composite
connections between embedded steel plate and tieerete members made of conventional
and high-performance concrete material. Howevary immited research studied the pull-out
response of these types of connections under pullead, particularly for those made of
UHPFRC material [1], [10].

The primary objective of the current study was xareine the influence of UHPFRC
mixes with two different fiber volume-fractionsgj. Vi = 0 % and 2 %, on the pull-out
response of composite connections. Total relatlye etween embedded steel plate and
concrete beam, crack pattern, and crack width waasored through the DIC system, and
were evaluated against each of the specimen.

2. EXPERIMENTAL INVESTIGATION AND TEST SETUP

The fabrication and testing was conducted at the Morrison Structural Engineering
Laboratory at the University of Alberta. The expeental program is described in this
chapter. The connection fabrication process isrde=t first, followed by a discussion of the
material and the test setup. The specific detdilsoanection and instrumentation are then
presented. Finally, the loading procedure is dbedri

2.1  Specimen configuration

The experimental work consisted of two groups sfd®n composite connections made of
an embedded steel plate in UHPFRC material incatpa 0 % and 2 % volume-fraction of
short steel fiber. The mix composition is shownTable 1. A UHPFRC mix with locally
available mix composition and low water/binder gatisuitable for in-situ casting—was
developed based on the mix compositions presemtddli, 12]. The test specimens were
constructed with a 150 x 150 x 600 mm beam. Theeeladd steel plate overall dimension of
300 x 140 x 12 mm (length x width x thickness) watected in this research. The geometry
of the test specimens is schematically represantédyure 1. The connections were designed
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to prevent any premature shear and flexural failmrhe concrete beam. In each batch, one
connection specimen along with three 50 x 50 x B0 prisms and three 50 mm cubes were
cast at the same time. A 10M bar cage was usdttimeaconnection specimens to improve its

flexural capacity. A double headed stud (DHS) Wit shank and head diameter of 15.9 mm
and 50 mm was placed at the centroid of the shaamection to improve the resistance of

shear key against the splitting tensile stresdeadahe plate) in the concrete shear key.

An Q-shaped hole through the embedded steel plate semkas the primary mechanism to
transfer the tension load between the connectionpooents. See Figure 1. The embedded
steel plate was clamped to the steel form by a gfaangles at both sides of plate to firmly
secure the plate in its proper location prior toaete placement. Special care was taken to
make sure a consistent embedment length was useall fthe samples. The axis of each
embedded plate was checked after the casting pefdpendicular to the formed beam surface.

Pull-Out Load

Clevis

——Embedded Steel Plate

UHPFRC
Concrete Beam

‘ Longitudinal Rebar
¢
7 N\
({\ o) ) Support
— 4?_ Plate
DHS |
| LI

Figure 1: Overall pull-out specimen configuration.

Table 1: Mix composition of Alberta UHPFRC

Components kg/f
Portland Cement 967
Silica Fume (SF) 338
Fine Sand 542
Fiber (\i=0% or 2%) 0 or 312
Added Water 184
Superplasticizer (SP)* 20
Total Water**/Binder*** 0.18
*Solid content of SP; ***Binder = Cement + SF
**Total Water = Added Water + Water from SP
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2.2 Test Setup

An overall view of the test setup and a schemaimgrdm of the test assembly
configuration are shown in Figure 1. The test setag designed to simulate the composite
connection under tensile loading. The pullout testee conducted in the MTS 1000 universal
testing machine equipped with hydraulic grips, daVving a maximum load capacity of
1000 kN and an actuator range of 150 mm. Displaogmentrolled loading was used to
apply the quasi-static tensile load at a rate dfrfm/minute. The concrete beam was tied to
the bottom cross-head through the support plate.erhbedded steel plate was bolted to the
clevis which was held in the top grip of the maehitn order to prevent the slip of the
assembly under the tensile load, a slip-criticairaztion between the embedded steel plate
and the MTS grip was used.

The tensile load applied to pull-out specimens masitored using the internal load cell
integrated in the MTS 1000 test frame. A DIC measwant system along with a pair of
LVDTs was used to measure the slip between the éddukesteel plate and the concrete beam
during the test. Data from different instrumentssweaptured through a built-in data
acquisition system using the DIC control systeni.tihé horizontal and vertical LVDTs along
with MTS load cells were connected to an interraghdacquisition system in Vic-3D 2009.

The front face of the concrete beam was paintetl wiflat white latex paint. A random
speckle pattern was then applied to the paintethsairof the specimen using a flat black
spray paint to produce small circular black dotsrectmg approximately half of the
specimen’s surface. In order to highlight the blgtween embedded steel plate and UHPFRC
beam as well as the crack growth during the expanrtal test, the Vic-3D software was used
(Correlated Solutions Inc., 2010). This was caroatlby comparing the grey value pattern in
each single image (taken every 3 second duringedsig with that in the initial reference
image. A Vic-3D image of the composite connectipacgmen after failure is given in Figure
2. All the specimens were cured under wet burlap @astic immediately after painting was
completed to prevent the formation of micro-cragkin the matrix [11]. The mean speckle
diameter was measured to be approximately 2-3 mentla spacing was 3-5 mm. Digital
images were continuously taken by the digital imegeelation system cameras throughout
the loading process of each test.

3 EXPERIMENTAL RESULTS AND DISCUSSION

The overall pull-out load-slip response of the cosife connection specimens during
testing is provided in this section. In order t@tcae the post peak behaviour of composite
connections, all the specimens were loaded welbheyhe peak pull-out. The results of the
experimental tests are summarized below.

3.1  Composite Connection with UHPFRC Material withait Fibres

Figure 2 provides an overall view of the crack ba surface of the concrete beam for the
composite connection made of UHPFRC material witk=3 % after failure. For each test
series, two connection specimens were tested alitig a series of concrete cubes and
prisms—designated as companion specimens—to ckawcthe mechanical properties of
concrete in compression and tension.

The compressive strength of 50 mm cubes was detechaccording to ASTM C109 and
an average peak compressive strength of 135 MPaeasasded. The results of the unnotched
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prism specimens—tested under third-point loading-erewused to derive the equivalent
tensile strength of the UHPFRC material [11, 12h iAverse analysis technique originally
proposed by AFGC and further developed by the &rghor [12] was used and an average
peak equivalent tensile strength (PETS) of 7.9 MRa derived for UHPFRC material with
Vi= 0 %. More information about the mechanical prapsrof the UHPFRC in compression,
and flexure can be found in the literature [11, 12]

The pullout load-slip behavior of the composite mection with UHPFRC material with
Vi= 0%, is given in Figure 3(a). The formation andpgagation of the cracks in concrete
beam was monitored by the DIC system and the sesu# presented in Figure 3(b). No
microcracks were observed in the concrete beamnmgldhie initial loading stage until a load
level of 45 kN was reached. A linear elastic reggowas observed during this first stage of
loading. Once the cracking load was reached, a&saf microcracks were formed and
propagated downward along the longitudinal axithefembedded plate. As a result, a pair of
vertical macrocracks was formed in both sides & #pecimen. Immediately after the
formation of these cracks, a series of longitudoracks (parallel to beam longitudinal axis)
were formed in the mid-height and at mid-span eftibam and rapidly propagated toward the
top reactions. As a result a breakout crack wasiédrin both front and back sides of the
specimen. See Figure 3(b).The rate of propagafitimese cracks was much higher than those
observed in the composite connection specimens\Wyith2% fiber content.

A large fluctuation in the pull-out load-slip resge of the connection was observed. See
Figure 3(a). This is mainly associated to the rapick growth in the UHPFRC material
without fibers, as there are no randomly distridusteel fibers to bridge the cracks and
sustain the load once the stresses in the matageekthe cracking tensile strength of the
UHPFRC matrix.

Embedded Steel
Plate

Figure 2: Failure of composite connection made HPBRC material with V= 0 %.

The variation of the inclined cracks at the edgesnobedded plate and the breakout crack
against the pullout loading is presented in Figd(t®. As more displacement was applied, a
series of microcracks was initiated around the hedatie double headed stud (DHS) and the
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concrete pieces were ejected from both front a#t Bale of concrete beam. This is because
the thin cover around the double headed stud—whitkness of 10 mm—was not able to
accommodate the stress around the DHS. The inclervadks at the top were further
developed until they joined the breakout crackse Timaximum inclined crack width was
observed to be less than 1 mm at the end of thadaiNo significant slip (around 0.5 mm)
between the embedded steel plate and top side mifret®e beam was observed, which
indicates that the proposé&elshaped connection provided a sufficient mechanidaklock
between the concrete beam and the embedded siéel ppistead the failure crack continued
to widen, as the loading increased. See Figure 3.
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Figure 3: a): Load-slip response; b) Load-cracktiwigésponse

3.2  Composite Connection made UHPFRC Material with/t= 2 %

A general view of the composite connection mad&idPFRC material with ¥2% after
the failure is shown in Figure 4. An average pegkivalent tensile strength (PETS) of
8.4 MPa for UHPFRC mixes with#¥ 2 % were derived from the inverse analysis teginai
[12]. Unlike thecomposite connection made of the UHPFRC material without fibers, with
an unsteady load-slip response under pull-out tgpda stable pull-out slip behaviuor was
observed for the specimens made of UHPFRC with\ibBlme fraction of short steel fibers.
Compare Figure 3 and 4. This significant improvetmsmmost likely attributed to the fiber
bridging effect which acts as a secondary loadstearmechanism after the crack was formed
and propagated.

The width of splitting crack at the level of thetrexne tensile fiber—located at the top side
of the beam—along with the breakout crack widtthatmidspan of the UHPFRC beam were
extracted from the data recorded by the digitalgeneorrelation (DIC) measurement system
during the test and the results are depicted iarEi§.

As given in Figure 5(a), no microcracking was olsedrat the early stage of loading.
However, for both specimens, a series of verticaraeracks near the mid-span and next to
embedded steel plate were detected, as the tetgbses exceeded the tensile strength of the
UHPFRC matrix. The presence of short steel fibershe microcrack surface introduces the
fiber bridging effect which suppresses the locaiaraof the microcrack at the early stage of
loading. They also prevent the rapid propagationthtef cracks and would result in a
significantly higher resistance to microcrack grow@s a result, the connection specimens
were observed to sustain more loads—yet with lostéiness—as the higher displacement
was applied. See the nonlinear pre-peak responsenoiection in Figure 5(a). Once the peak
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pull-out load was reached, a single vertical ma@adc (called splitting crack) was formed in
the mid-span, where the tensile stress is maxintee. Figure 4. This crack then extended
downward and gradually increased as the pull-oad limcreased. A splitting crack width of
1.15 mm at the peak pull-out load (PPL) was obgkr8ee Figure 5(b).

The breakout crack was formed at the mid-span efodam and located at the level of
bottom horizontal reinforcement. The crack wadated at a load level of 143 kN and curved
diagonally toward the top reactions at both endshefbeam. See Figure 4. The breakout
crack width at the PPL was found to be 0.98 mmhhbe splitting and breakout cracks
rapidly widened. A significantly higher rate of ckagrowth was observed after the peak load
was reached.

While no significant slip between the embedded|gpste and the concrete beam was
observed before the formation of the splitting krac substantial slip was observed after the
splitting crack substantially widened and the boedKailure occurred. This is mainly because
the splitting crack deteriorated the mechanicariotk between the concrete shear key and
the embedded steel plate, which allows the embegid¢el to be pulled out.

Embedded Steel
Plate

UHPFRC Beam

Figure 4: Failure of composite connection made HPBRC material with V= 2 %.
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Figure 5: a): Load-slip response; b) Load-cracktiwigésponse
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3.3 Influence of fiber content on connection loadasrying capacity

The results of experimental tests indicated thatféllure of composite connection made of
UHPFRC material without fibers takes place at a bwformation and is associated with a
sudden drop in pull-out load-slip response. In @sif the composite connection made of
UHPFRC material with ¥=2% tends to show a ductile behavior under pullloating and
can achieve significantly higher peak pull-out loakhis feature is very beneficial in
earthquake applications where the higher levelatitity in connections is essential.

Figure 6 shows the results of the changes in pedkopt load (PPL) of composite
connection, against the change infot the composite connection withh ¥ 0 and 2 %. The
results of experimental tests showed that the caitgpaconnection made of UHPFRC
material with \f = 2% exhibited 130 % higher PPL than the connectimde of UHPFRC
material without fibers. This significant enhanceines mainly due to the improved
mechanical properties of the UHPFRC material insitenand shear which improve the
mechanical interlock between embedded steel piatdhee concrete shear key.

—_ \]
N ]
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2

Peak Pull-out Load (kN)
2 2
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0 2
Fiber Volume Fraction, V¢, (%)

Figure 6: Influence of fiber content on load begroapacity of composite connection.

4. CONCLUSIONS

The results of experimental tests on composite ections, made of embedded steel plate
in UHPFRC beam, indicated that this connectionfisciéve for many applications where a
significant load carrying capacity and ductilityden tension loading is required. This study
established the following main observations andchaions which are summarized as
follows:
- The addition of short steel fibers to UHPFRC mawixs found to significantly improve
the response of the connection under pull-out legdinainly through the improvement in the
mechanical properties of UHPFRC in tension andrshea
- The failure of composite connection was found tande from a brittle failure for
specimens with UHPFRC material without fibers tdugtile failure for those with A= 2%.
This is mainly due to contribution of steel fiberlimiting the crack propagation rate in the
cracked sections.
- Compared to composite connections constructed WHIPFRC material without fibers,
130% improvement in the peak pullout load carryoagacity of the connection specimens
made of UHPFRC material with 2% fibers was obserddils enhancement is mainly due to
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the high mechanical properties of UHPFRC in tensind shears which significantly improve
the mechanical interlock between concrete sheaankdyembedded plate.

- Compared with specimens made of UHPFRC materidhowit fibers, a higher elastic
stiffness with less degradation rate after theiatdn of first crack was observed for
specimens made of UHPFRC material with 2% voluraetion of short steel fibers.

- A large fluctuation in the load-slip response o€ tbhonnections made of UHPFRC
material without fibers was observed. In contrasstable load deflection response was
observed for those withs¥ 2 %. This is mainly because the UHPFRC materntlout fibers
experiences a brittle behaviour under tension aedrs
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