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The use of blind bolts in steel–concrete composite beams is beneficial for promoting sustainable design and for
retrofitting existing steel structures. This paper presents an experimental study as well as finite element (FE)
modelling analyses for the time-dependent behaviour of composite beams with blind bolts subjected to
sustained loads. Four full-scale simply supported beams utilising different types of bolts and studs were tested
under long-term static loads. The mid-span deflections were monitored for a period of over 260 days. Short-
term push-out tests were also carried out on the connectors used in the composite beams, and their slip defor-
mation was recorded for determining the initial stiffness. The experimental results were modelled by using a
three-dimensional FEmodel, inwhich the creep of the concrete was simulated through defining a viscoelastic re-
sponse and the shrinkage of concrete was incorporated by means of notional thermal expansion. The FE model
was validated against the experimental results reported herein and other independent results of composite
beams using conventional welded studs reported elsewhere, and it was subsequently applied to carry out para-
metric studies. An extensive body of parameters was considered to clarify their effects on the time-dependent
behaviour of composite beams with blind bolts, including the mechanical properties and configuration details
of shear connectors, the concrete strength, the loading conditions, the span-to-depth ratio and the reinforcement
ratio. It was demonstrated that the time-dependent behaviour was sensitive to the stiffness and the bolt-to-hole
clearance of connectors, and some other parameters also possessed effects with different degrees. The research
findings implied that using blind bolts in composite beams was beneficial to the time-dependent response due
to their relatively lower deflections resulting from the creep and shrinkage of the concrete over time. The out-
come may provide an important basis and guidance for designing such composite beams when considering
their long-term response with time effects.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Using bolted shear connectors in steel–concrete composite beams
has seen considerable interest of late in both research and practice
due to the various benefits in terms of the sustainable design and the
retrofit of existing steel structures. For instance, the use of blind bolts
that can be installed and tightened from one side of a connection
makes composite construction demountable and sustainable, because
the blind bolts can also be unbolted from one side and therefore it's pos-
sible to demount the structure at the end of its service life for potential
reuse or recycling of components, as well as to replace damaged struc-
tural members during the service life. With respect to the retrofit of

existing steel structures, the blind bolts may be post-installed in non-
composite beams with the concrete slab being core drilled and the top
flange of the steel beam being cut with holes, and after the installation
the holes within the concrete slab need to be filled with high strength
structural grout [1,2]. In this way, the loading capacity of the existing
non-composite steel structures would be highly improved and their
service life may be significantly extended. Whilst conventional headed
studs most widely utilised in contemporary composite structures
as shear connectors cannot be effortlessly deconstructed at the end
of their service life. Furthermore, in the case of rehabilitating old
structures, it is unlikely for headed studs either being welded to
steel beams or being embedded into the concrete slab, because the
weldability of the steel must be known before the studs can be
welded to the existing steel beams and furthermore welding studs
to the existing steel beams requires relatively large pockets to be
broken out of the concrete slab. From this viewpoint, the use of
bolted shear connectors is an appropriate solution for these prob-
lems, because it requires much smaller pockets to be broken out of

Journal of Constructional Steel Research 112 (2015) 196–207

⁎ Corresponding author at: Key Laboratory of Civil Engineering Safety and Durability of
China Education Ministry, Department of Civil Engineering, Tsinghua University, Beijing
100084, PR China. Tel./fax: +86 10 62782708.

E-mail address: banhy@tsinghua.edu.cn (H. Ban).

http://dx.doi.org/10.1016/j.jcsr.2015.05.004
0143-974X/© 2015 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Journal of Constructional Steel Research

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcsr.2015.05.004&domain=pdf
http://dx.doi.org/10.1016/j.jcsr.2015.05.004
mailto:banhy@tsinghua.edu.cn
http://dx.doi.org/10.1016/j.jcsr.2015.05.004
http://www.sciencedirect.com/science/journal/0143974X


the concrete slab through the core drilling and no welding is needed.
In addition, using bolted shear connectors innovatively makes the
composite beam system demountable during its service life, and its
damaged components may be replaced by new ones; at the end of
its service life, its components can be separated easily for subsequent
reuse or recycling.

Themechanical performance of composite beams using bolted shear
connectors is logically characterised as being different from those with
conventional headed studs because of the varied slip responses of con-
nectors in terms of the stiffness and the slip plateau [3,4]. The initial
stiffness of bolted shear connectors is normally lower when compared
with welded studs in accordance with previous research outcomes
[4]; and due to the existence of the bolt-to-hole clearance, there may
be a slip plateau in the slip response of bolted shear connectors until
the bolt bears against the hole [3]. There have been a few investigations
on the short-term behaviour of composite beams with bolted shear
connectors. The push-out tests and composite beam tests with high-
strength (HS) bolted shear connectors undertaken by Dallam and
Harpster in 1968 [5–7] appear to be the first reported research work
on the use of bolts in composite beams, in which the bolts were embed-
ded in the concrete slab at casting. Marshall et al. [8] conducted an
experimental study on composite beams using high-strength friction-
grip bolts (HSFGBs) as shear connectors in 1971, and itwas demonstrat-
ed that HSFGBs could be utilised as an efficient connector in composite
construction,with the coefficient of friction at the service load aswell as
the ultimate load of the composite beams being evaluated. In 1984
Dedic and Klaiber [9] presented two methods of utilising HS bolts as
shear connectors in the rehabilitation of composite structures, and com-
pared their performance with conventional welded connectors by
means of push-out tests. Commencing in the 2010s, the use of bolted
shear connectors in composite construction attracted more attention,
and more relevant research was undertaken. Kwon et al. [10] experi-
mentally investigated the static and fatigue behaviour of three types
of post-installed shear connectors (including the double nut bolt,
HSFGB and adhesive anchor) with design equations being proposed,
andmarkedly higher fatigue strength of these bolted connectorswas in-
dicated comparedwith conventional welded shear studs. Kwon et al. [1,
11] also carried out large-scale tests and parametric analyses of compos-
ite beams retrofitted by using post-installed shear connectors, with ex-
cellent ductility being observed and good predictions of the strength
and stiffness provided by current design approaches being demonstrat-
ed. Pathirana et al. [12] reported an experimental study on full-scale
composite beams, in which two specimens were fabricated by using
blind bolts. Itwas demonstrated that blind boltswere capable of provid-
ing the composite action, and they could be unbolted after a load of 40%
of the designed ultimate load was applied. Lam and Saveri [13] tested
the shear capacity of demountable connectors machined from conven-
tional studswith threads, which could produce similar strength and rel-
atively higher ductility compared with welded studs. Very recently
Rowe and Bradford [14] presented an analytical formulation for model-
ling the shear connection with HSFGBs in terms of three stages, includ-
ing the full interaction with the interface shear being resisted by the
friction produced by the pretension of bolts, the slip condition within
the bolt-to-hole clearance, and the eventual contact status after the
bolt bears against the hole; and Liu and Bradford [3] further developed
a finite element (FE)model formore detailed research on the behaviour
of HSFGBs as shear connectors, and proposed a load–slip relationship in
algebraic form for this innovative connection. Pavlović et al. [4,15]
undertook a series of push-out tests with grouped bolted shear connec-
tors (with a single embedded nut) and prefabricated slabswithinwhich
openings were left for subsequent assembly of connectors, and devel-
oped a fine-mesh FE model for parametric analyses. The basic mechan-
ical properties of bolted shear connectors including the shear resistance,
stiffness, ductility, and failure modes were experimentally and numeri-
cally analysed in detail, with a reduction factor for the shear resistance
being proposed. Moynihan and Allwood [16] tested three composite

beams constructed with bolts as demountable shear connectors, and
found that they possessed higher strengths than predicted in accor-
dance with Eurocode 4 (EC4). Chen et al. [17] presented ten push-out
testswith through-bolts as shear connectors and various parameters re-
lating to the diameter and pretension of bolts and interface contact
propertieswere involved. Low initial slip loads and comparable ductility
and ultimate loads were observed comparedwith welded studs, and an
analytical model as well as a FE model were developed for predicting
the loading capacity of such bolted connections and bridge girders,
respectively.

Based on the afore-mentioned literature review, it was indicated
that previous research of composite beams using bolted shear connec-
tors was focused on the short-term behaviour. Whilst with respect to
the long-term behaviour of such innovative composite beams, surpris-
ingly few studies could be found in the open literature despite extensive
investigations on the time-dependent behaviour of composite beams
with conventional welded studs being undertaken [18–27]. With the
aim of understanding the time-dependent behaviour of composite
beams with bolted shear connectors and of providing benchmark data
for further relevant research, four full-scale tests of simply supported
composite beams with either blind bolts or conventional studs subject-
ed to sustained loads for over 260 days are presented herein, of which
the variation of the mid-span deflection with time is analysed. A
three-dimensional FE model allowing for the creep and shrinkage be-
haviour of the concrete is developed, and subsequently validated
against the test results reported in this paper as well as independent
test results provided elsewhere. Extensive parametric analyses are con-
ducted by using the calibrated FEmodel, with various parameters relat-
ing to the mechanical properties and construction configurations of
shear connectors, the concrete strength, the loading conditions, the
span-to-depth ratio and the reinforcement ratio being involved. Based
on this work, the time-dependent behaviour of composite beams with
blind bolts can be better understood, and their application in practice
may be promoted for sustainable design.

Fig. 1. Cross-sectional geometry (unit: mm).

Fig. 2. Longitudinal geometry and shear connector arrangement (unit: mm).
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