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concrete-filled steel square hollow section (SHS) columns. The strength and stiffness of the resulting
joints are determined experimentally for the purpose of classifying them according to the Eurocode. Their
suitability for use in special moment frames is also assessed through cyclic bending tests. Three types of
beam sections are tested, being a compact welded section, a reduced beam (flange) section, and a
reduced beam section with concrete slab at the top. All tested joints are full strength according to the
Eurocode, allowing the connected beams to reach their respective plastic moment capacities. In addition,
they are rigid for braced and unbraced frames, except for the reduced beam section specimen, which are
semi-rigid only for unbraced frames according to the Eurocode. However, all specimens have sufficient
ductility to be used in special moment frames, with no pinching effect in their hysteretic moment-rotation
curves. Their initial rotational stiffness is dominated by the stiffness of the column flange in bending,
which can be conservatively estimated using the formulation presented in this paper.
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Abstract: This paper investigates the use of slip-critical blind bolts to connect I-beams to concrete-
filled steel square hollow section (SHS) columns. The strength and stiffness of the resulting joints are
determined experimentally for the purpose of classifying them according to the Eurocode. Their suit-
ability for use in special moment frames is also assessed through cyclic bending tests. Three types of
beam sections are tested, being a compact welded section, a reduced beam (flange) section, and a
reduced beam section with concrete slab at the top. All tested joints are full strength according to the
Eurocode, allowing the connected beams to reach their respective plastic moment capacities. In ad-
dition, they are rigid for braced and unbraced frames, except for the reduced beam section specimen,
which are semi-rigid only for unbraced frames according to the Eurocode. However, all specimens
have sufficient ductility to be used in special moment frames, with no pinching effect in their hyster-
etic moment-rotation curves. Their initial rotational stiffness is dominated by the stiffness of the col-
umn flange in bending, which can be conservatively estimated using the formulation presented in this
paper.

Keywords: beam-to-column connection; blind bolt; concrete-filled steel tube; cyclic behavior; initial

rotational stiffness.

1. Introduction

Welded connections are often used for steel tubular members as the shape does not render
itself suitable for conventional bolted connections, which are commonly used for open sections such
as channel or I-sections. However, welded frame moment connections have been found to be vulner-

able to premature fractures during earthquake including fractures in the beam and column sections



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

[1]. Flowdrill connectors [2-4] and blind bolting [5-7] have therefore been developed to avoid welding
of beam-to-tubular column connections.

The flowdrill system appeared early, using high strength steel bolts with full threads. France
et.al [2-4] conducted laboratory tests on rectangular hollow section (RHS) column to I-beam joints
using flowdrill connectors. The effects of joint types, concrete infill in the tube and end-plate types
were investigated. The results indicated the feasibility of using bolted connections for RHS columns
with the flowdrill system. However, this technique was only suitable for RHS tubes with wall thick-
ness ranging from 5 mm to 12.5 mm [8], restricting the application to low-rise steel frame structures
[].

Other types of blind bolts have also been developed, such as high-strength blind bolt (HSBB),
Ultra-Twist bolt and extended hollo-bolt (EHB) [5-7]. Korol et al. [5] proposed a bolted end-plate
connection between wide-flange 1-beam and RHS column by using HSBBs. The experimental results
indicated that the behavior of connections with HSBBs was similar to that with A325 bolts. Tabsh
and Mourad [6] discussed the effects of different load combinations on the ultimate tension load of
an Ultra-Twist bolt. The tensile behaviour of EHB was studied by Pitrakkos and Tizani [7].

A more recent development involves the use of “hollo-bolt” [10-19]. Mesquita et al. [15]
found that the failure of hollo-bolt legs in an I-beam-to-SHS column connection caused by the bend-
ing moment adversely affected the joint stiffness. However, Wang et al. [12, 13] found that the hollo-
bolt leg failure could be avoided if the tubular column was concrete filled. In addition, the behavior
of blind bolted concrete-filled RHS column splice joints subjected to eccentric tension [18] and ec-
centric compression [19] have also been investigated, and hollo-bolt leg failures were not observed
either.

Although various types of blind bolting have been developed, Wang et al. [20] have found
that none of them is able to achieve slip-critical (friction-type) bolted connections except for the Ajax

ONESIDE system. A novel slip-critical blind bolt (SCBB) system has therefore been developed at
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Tongji University [20-21]. However, no experimental test was conducted to verify the system’s per-
formance in sustaining the full plastic moment of the beam.

In this paper, three types of beams are investigated for their performance (and the joint’s)
under reverse cyclic loading, which can be expected during severe earthquake. The first beam is a
welded section of Class 1 cross-section classification according to EN 1993-1-1 [22]. The second
beam is a reduced beam section in the shape of dog bone. The third beam is also a reduced beam
section, but with a restraint from the reinforced concrete slab at the top flange. The initial stiffness,
hysteretic behavior, failure mode and capacity of each beam-to-column connection are presented and

discussed.

2. Specimen configurations, test set-up and loading protocol

The slip-critical blind bolt (SCBB) system comprises five parts as shown in Fig. 1: a tor-shear
bolt shank [23], a split-type spacer, a shear sleeve, a normal (solid) washer and a nut. The installation
procedure has been described by Wang et al. [20], as illustrated in Fig. 2. In the present experimental
program, four pairs of M24 SCBBs were used to connect an I-beam to a concrete-filled SHS column
via an extended end-plate that was reinforced with stiffeners, as depicted in Fig. 3.

The configuration details of the three test specimens are summarised in Table 1. The variables
be, tc and Lc are the width, wall thickness and length of the square column, respectively. The variables
ho and by are the depth and width of the beam, respectively, while two and tm are the thicknesses of the
web and flange, respectively. Specimen CB1 was compact, intended to develop the full plastic mo-
ment capacity of the beam without local buckling. Specimen CB2 used a dog-bone beam section as
depicted in Fig. 4, intended to develop a plastic hinge away from the joint. Specimen CB3 benefitted
from the lateral restraint provided by the reinforced concrete (RC) slab to the dog-bone beam section.

The effective width and thickness of the RC slab are 1640 mm and 120 mm, respectively. The
diameter of steel bar is 8 mm, and its arrangement is shown in Fig. 5 with the same spacing for the

top and bottom of the slab. In order to meet the full shear connection criteria recommended in GB
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50010-2010 [24], steel shear studs with a diameter of 16 mm and a height of 88 mm were used. Two
lines of steel shear studs were welded to the top flange of steel beam.

The beams, columns and connection plates were made of Q345 steel with a nominal yield
stress of 345 MPa. The measured yield stress Fy and tensile strength Fu of each component are given
in Table 2. The average compressive strength fc of the concrete slab and concrete infill was 28.4 MPa
as found from the compression tests of three 150-mm concrete cubes after 28 days of curing. Given
the dimensions and material properties, all three specimens should satisfy the requirements for strong
column-weak beam design in accordance with GB 50011-2010 [25]. Each specimen was therefore
expected to fail in the beam and not the column.

The three specimens have similar test set-ups, as shown schematically in Fig. 6(a) for Speci-
mens CB1 and CB2. For Specimen CB3, the external lateral restraints were removed. A photograph
of Specimen CB3 under testing is shown in Fig. 6(b). It can be seen that two beams were connected
to the concrete-filled SHS column for each specimen, which were symmetrical about the column but
were loaded anti-symmetrically (see Fig. 9a). The beams were located at 1675 mm from the column
base.

In order to achieve pinned connections at both ends of the column, spherical hinges were used
at the top and the bottom of each column. The column top was loaded with a hydraulic jack for axial
compression. As indicated in Fig. 6, two hydraulic actuators were used to apply cyclic loads at the
ends of the beams. The distance from each beam end to the centre of the column is 1800 mm.

In each test, the axial compression of the column was applied first and kept constant through-
out the cyclic loading of the specimen (beams). The cyclic loading was conducted in accordance with
Section K2.4b of AISC 341-16 [26], as defined in Fig. 7 for the present specimens.

The locations of the linear variable displacement transducers (LVVDT) and strain gauges are
shown in Fig. 8. The transducers not only measured translations, but also enabled the calculation of
rotations as needed. The shear deformation of the panel zone was measured by the diagonal transduc-

ers inside the zone.
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Although a horizontal brace was provided to restrain the spherical hinge at the top of the
column as shown in Fig. 6, the top (and bottom) of the column was not completely restrained from
moving horizontally. The column was therefore subject to (in-plane) rigid body rotation, which ne-
cessitated the placement of transducers at the top and bottom of the column, as indicated in Fig. 8.

Fig. 9 defines the inter-storey drift & for the two extreme scenarios: (a) no rigid body rotation
of the column, and (b) no rigid body rotation of the pair of beams. In the presence of both rigid body
rotations, the inter-storey drift can be determined by superposition. Note that the chords of the beams

and columns are not shown in Fig. 9 for legibility.

3. Experimental results

All the strong column-weak beam specimens failed by fracture of the beam flange. However,
the exact structural responses were different among them as described in the following.

It was found from the strain gauge readings of Specimen CB1 that the connected end of the
beam started to develop plasticity when the inter-storey drift & approached 0.015 rad, which spread
to the whole depth of the web at 0.03 rad to form a plastic hinge. The flanges buckled in the first cycle
at 0.05 rad followed by the web in the second cycle, as shown in Fig. 10(a). Fracture of the flange
took place in the next cycle at 0.06 rad, as shown in Fig. 10(b).

The reduced beam section of Specimen CB2 also became fully plastic at 0.03 rad, but one of
the beam buckled torsionally at 0.04 rad as indicated in Fig. 11(a). The torsional buckling led to an
earlier fracture compared to Specimen CB1, at about 0.05 rad. The complete fracture of the top flange
of the reduced section is shown in Fig. 11(b).

As the neutral axis of Specimen CB3 was located further from the bottom flange due to the
presence of the concrete slab connected to the top flange by shear studs, yielding started in the bottom
flange at about 0.01 rad, earlier than the other two specimens. Significant local buckling deformations
of the bottom flange and web could be seen when 0.05 rad was being approached, as shown in Fig.

12(a). Cracking of the bottom flange was observed at 0.06 rad, accompanied by concrete crushing
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around the column as shown in Fig. 12(b). Fracture of the bottom flange was complete by 0.07 rad as
shown in Fig. 12(c).

In all the three tests, the SCBB connections remained tightened throughout without visible
relaxation, as evident from Figs. 13 and 14. It was therefore concluded that the SCBB connections
met the requirements for being slip-critical.

Fig. 14 shows the hysteretic moment-rotation curves of the three beam-to-column joints. The
robustness of the SCBB connection is apparent from the absence of pinching in all three curves. Figs.
14(a) and 14(b) exhibit the “well-behaved” hysteretic responses of Specimens CB1 and CB2, where
energy was evenly absorbed through inelastic deformations in both directions of bending. However,
due to the presence of the concrete slab at the top flange of Specimen CB3, the energy was absorbed
differently between positive and negative bending.

The hysteretic moment-rotation curves of Specimens CB1 and CB2 in Fig. 14 were plotted
for the respective beams that fractured. The positive moment is defined to be the sagging moment, as
the hogging moment is negative. For Specimen CB3, the concrete slab was in compression under the
positive moment. Only the response of the right beam of Specimen CB3 was used in Fig. 14 as the

concrete did not crush in the same number of cycles.
4. Analysis of experimental responses

4.1 Initial stiffness and classification of joints

According to EN 1993-1-8 [27], a joint is classified by stiffness and by strength. With respect
to strength, it has been demonstrated through the experimental tests described in the preceding section
that the SCBB connections were able to sustain the plastic moment of the connected beams, and the
tested joints were therefore full-strength joints.

The initial rotation g; of the SCBB connection, i.e. the initial change in the angle between the
beam and the column, can be computed by subtracting the elastic rotations 6y of the beam and 6 of
the column from the inter-storey drift & obtained from the transducers. The elastic rotation b of the

beam is determined using classical structural mechanics:
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2
6, = - 1)
121

in which E is the elastic modulus, Iv is the second moment of area of the beam, P and L are defined

in Fig. 9. Likewise, the elastic rotation &c of the column is

, _PHZ+H) L
- 3EI, H’

)
in which I¢ is the second moment of area of the column, while H, H1 and H: are defined in Fig. 9.
The classification of a joint into a rigid one or otherwise is not only a function of the connec-
tion stiffness, but is also dependent on the frame’s type (unbraced or braced) and topology. In the
present work, the ratio of the beam span Ly to its depth is assumed to be 20, which is representative
of a light weight steel structure. Table 3 compares the measured initial rotational stiffness Sj,ini of the
present specimens against the rigid joint thresholds set in Section 5.2.2.5 of EN 1993-1-8 [27] for

unbraced and braced frames. It is seen that all three SCBB connected joints were rigid for braced

frames, and CB1 and CB3 were also rigid for unbraced frames.

4.2 Ductility assessment

According to Section E3 of AISC 341-16 [26], the inter-storey drift fo.s of a beam-to-column
joint used in a special moment frame (SMF) should not be less than 0.04 rad when the flexural re-
sistance of the joint equals 80% of the beam’s plastic moment capacity. The inter-storey drift fo.s of
the present specimens are determined from their backbone curves plotted in Fig. 15. Table 4 shows

that all three SCBB specimens satisfy the ductility requirement for a special moment frame.

4.3 Stiffness degradation

During cyclic loading, the stiffness of each specimen decreased progressively because of the
accumulation of inelastic deformation. The stiffness degradation is characterised by the factor Ai,
which is the ratio Ki/K1, where Ki is the secant stiffness of the first complete cycle at the i load step

with the same drift 6 [28]:
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in which the variable Fi is the peak load in a particular direction, and Xi is the corresponding displace-
ment.

Fig. 16 shows that there were no significant differences in stiffness degradation between Spec-
imens CB1 and CB2, the latter having a reduced beam section. For Specimen CB3, two separate plots
were used for positive bending and negative bending due to asymmetry about the neutral axis. The
two plots were quite different from each other, and from those of the other two specimens. It is inter-

esting to note that up to 3.5% drift (0.035 rad), the stiffness degradation of Specimen CB3 under

negative bending was less severe than all others.

4.4 Energy dissipation
The ability of a structural component to dissipate energy can be represented by the equivalent

viscous damping ratio {eq, computed from

Com 1 Stecicon @

Z. S(OBE+ODF)
in which Sasc+cpa) is the area enclosed by the hysteresis curve in Fig. 17, and S(ose+opF) is the sum
of areas of triangle OBE and triangle ODF in the figure.

In the present work, the largest hysteresis loop of each specimen was used to determine its
equivalent viscous damping ratio eq, given in Table 5. It was found that the plastic energy dissipation
capacities of the steel beam Specimens CB1 and CB2 were greater than that of the composite beam
Specimen CB3. The equivalent viscous damping ratios (eq 0f Specimens CB1 and CB2 are 20.6%

and 22.4% higher than that of Specimen CB3, respectively.

5. Analytical determination of initial rotational stiffness
The initial rotational stiffness of the studied joints can be determined by the component

method specified in Section 6.3.3 of EN 1993-1-8 [27]. According to the code, for end-plate joints
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with two or more bolt-rows in tension, a single equivalent stiffness coefficient keq can be used to

represent the components related to the bolt-rows:

Kk 5
. . (5)
1
keff,r = 5 1 (6)
2,
Z keff T hr2
Zog =~ (7)

# B Zkeﬁ,rhr

in which hr is the distance between bolt-row r and the centre of compression; kefr is the effective
stiffness coefficient for bolt-row r taking into account the stiffness coefficients for the basic compo-
nents in tension or bending; zeq is the equivalent lever arm.

For bolt-row r of the present specimens, the effective stiffness coefficient kef,r takes into ac-

count the stiffness coefficients of five basic components:

O'7beff twctwc
kl,r = kwc,t,r = d— (8)
0.9l t3
k2,r = kep,t,r = m:f:,f : (9)
k3,r = |(bolt,t,r :16'6% / I‘bolt (10)
A
k, =k =—>_
4,r bar,t,r (h / 2) (11)
k5,r = kfc,t,r (12)

The first three components are given in Section 6.3.1 of EN 1993-1-8 [27] to represent the
column web in tension (kwctr), the end-plate in bending (kep.r) and the bolts in tension (Kooittr). The
fourth component is given in Annexure A of EN 1994-1-1 [29] to represent the longitudinal steel

reinforcement in tension (Koar.tr).
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The fifth component represents the column flange in bending (ksctr), which is not covered in
EN 1993-1-8. Hence, a new mechanical model is proposed in this paper to determine the stiffness
coefficient based on the theory of plates and shells by Timoshenko [30].

In accounting for the effect of the column web on the stiffness of the column flange, only the
symmetric half of the SHS tube is considered as shown in Fig. 18. The area of each bolt load is
assumed to be rectangular, and the corner of the tube is simplified as right-angle. The variable b
denotes the length of the tubular column influenced by the bolt loads, and the spread angle of 65° (see
Fig. 19b) has been determined by numerical analysis [31].

In Fig. 19, the symmetric half of the tube is divided into one simply supported rectangular
plate (column flange, Fig. 19b) under two tension forces and moments distributed along two opposite
edges, and two simply supported rectangular plates (column webs, Fig. 19¢c) under moments distrib-
uted along two opposite edges. The locations of the bolt loads are at x1 = £&, and the area of each bolt
load is uxv. For column flange, it can be further separated into three load cases (Fig. 19d). The first
case is a simply supported plate under a uniformly distributed load over the strip corresponding to the
first bolt as indicated in the left end of Fig. 19d. In Equations (13) and (14), the deflection of the plate
in the region —&+u/2 < x1 < a/2 is denoted wia. The second case corresponds to the second bolt, with
W2a and wap denoting the deflections in the regions &+u/2 <xi1<a/2 and —a/2 < x1 < &u/2, respectively.
The third case is a simply supported rectangular plate under moments distributed along two opposite
edges, and the deflection is denoted ws. Because of the symmetry, the distributed moment applied to
the two opposite edges of the flange can be represented by a trigonometric series, fi(y). For the column
web, the distributed moments need to be represented by two trigonometric series, fi(y) and f2(y), and
its deflection is denoted wa.

It is assumed that the angle between the flange and the web stays constant, so the deformation

compatibility condition gives:

[awla] +£8W2aJ +(%] {(M] (13)
axl x=al2 axl X =a/2 axl x=al2 aXZ Xp=—C/2

10



246 The maximum deflection of the flange is calculated by the following equation:

247 Wi = (Wi + W,y + W)

m % =y=0
4q,b* 1 B tanh S Q _ mzv
248 = — L +-= o T sin 14
) a°D nize. M| " coshg, L 25T, 2b 14
" Tm_Sm
249  where
250 b=(a-2&)xtan65° (15)
251 a=hb, -t (16)
1 . .
252 I‘m = cosh ﬂm [7m2 Smh(zymz _ﬁm)_COSh(Zymz _ﬁm)_ymlsmh(zyml_ﬂm)
253 +c0sh (27, — By )] +L(sinh 2V —SiNN 27,,) (17)
2cosh® B
254 Q, :#(ﬁm tanh 8, +1)(sinh 2y,,, —sinh 2y, , )
2cosh 3,
- cosh2y ., —y . cosh2 1

255 cosh ﬂm (}/mz Vm2 = Vm 7m1) (18)
256 R, =L+tanh B, (19)

cosh® g3
257 S —Lﬁanha (20)

" cosh’a, "
a

258 =——7—-cotha,, 21

sinh® a, (21)

mra

259 =—"=2 22

B oy (22)

mz u

260 2y =—| &= 23

V1 b (é 2) (23)

mz u

261 2V =——| E+= 24
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u=v=d, (25)

The variable do is the external diameter of washer.

It has been found through numerical experimentation that the deflection wmax can be computed
accurately with m =1, 3 and 5 only. Numerical analyses have also found that the rounded corner of a
cold-formed SHS increases the flange stiffness by 10% compared to a sharp right-angle corner [31].
The stiffness coefficient kictr of the flange of the concrete-filled SHS column with a row of two bolts

is therefore

1.17°t%uv
2P 2g,uv 24b* (1-v*)
EWmaX EWmaX
is Lm+ﬂmta:h’8m- QZmST sinmzzv
m=135 M cosh 4, R +4-—°mm
Tm - Sm

in which the flexibility contributions of the column web panel in shear and the column flange region
in bolt compression are ignored as their stiffness coefficients are assumed to be infinite owing to the
concrete inside the tube. The effect of the concrete infill on the column flange region in bolt tension
is not taken into account in the present work.

The equivalent stiffness coefficient keq defined in Equation (5) are used for determining the

initial rotational stiffness of the joint:

S = e (27)
jini (:Ukeq)

in which z is the lever arm which represents the distance from the mid-thickness of the beam flange
in compression to that of the beam flange in tension.

Table 6 lists the stiffness coefficients of the five components for each of the three tested spec-
imens. It can be seen that the effective stiffness kest,r is dominated by the stiffness of the column flange
in bending, kic.tr, which is the fifth component. The analytical stiffness coefficients of this component,
computed using the formulation in this paper, lead to initial rotational stiffnesses that are less than

the experimental values, as shown in Table 7. The conservatism is due to the neglect of the effect of

12
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the concrete infill on the column flange region in bolt tension, and to the fact that the lever arm z of
some specimens was actually longer than the nominal value assumed in the calculation.
6. Conclusions

This paper has presented the cyclic test results of three beam-to-column joints where slip-
critical blind bolts were used to connect I-beams to concrete-filled steel SHS columns through ex-
tended end-plates. All the beams were able to reach their respective plastic moment capacities, mean-
ing that the specimens satisfied the strong column-weak beam design.

The use of slip-critical blind bolts not only rendered the three joints being full strength, but
also enabled them to be classified as rigid joints in a braced frame according to the Eurocode. The
specimens with full section and composite beams were also rigid for unbraced frames.

The test results demonstrated that the use of slip-critical blind bolts led to robust seismic per-
formance of all beam-to-column joints, which exhibited sufficient ductility for use in special moment
frames. There was no pinching in the hysteretic moment-rotation curves, indicating no loss in stiffness
due to bolt slippage.

The analytical formulation shows that the initial rotational stiffness of all three joints were
dominated by the stiffness of the column flange in bending. Accuracy in determining the latter is
therefore critical to the success of estimating the former. The formulation presented in this paper can
be used to estimate the stiffness coefficient conservatively, but the complete effects of the concrete

infill in the tube should be studied for future refinement.
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Table 1. Specimen configurations

Speci Column (mm) | Beam (mm) | Axial load ratio B i
pecimen bextexLec hoxbpXtwb Xt n eam type
CB1 250%125x6%8 Uniform welded section
CB2 300%x16%3035 0.1 Reduced section beam (RSB)
CB3 300x150x6x8 Concrete slab over RSB

Table 2. Material properties of steel sections and rebar

F Fu Uniform elongation
Steel type (MF);a) (MPa) at fractur%
Column 413 598 36%
Beam flange 380 519 34%
Beam web 414 570 32%
End-plate 417 601 39%
Reinforcing steel bar | 504 703 39%

Table 3. Initial stiffness of test specimens and rigid joint thresholds

Specimen Sini 8Elv/Lb 25EIb/Lb
P (KN-m/rad) (Braced) (Unbraced)
CB1 54,838 11,766 36,771

CB2 46,027
78,188(+) 17,201 53,753
CB3 | 65.509(.)
Table 4. Assessment of ductility
o8 (rad)
Specimen Positive Negative
direction direction
CB1 0.061 0.059
CB2 0.049 0.056
CB3 0.058 0.055




Table 5. Equivalent viscous damping ratio eq

Specimen Ceq
CB1 0.469
CB2 0.476
CB3 0.389

Table 6. Stiffness coefficient of each component

ki (Mm) Specimen
’ CB1 CB2 CB3+ CB3-
Kar 26.9 26.6 27.1 27.1
k2,1 29.0 28.8 28.7 28.7
Ko,r k2,2 29.0 28.8 28.7 28.7
k2,3 27.1 27.0 26.8 26.8
K3 r 9.83 9.83 9.83 9.83
Ka,r None None None 2.39
Ks,r 0.804 0.774 0.836 0.836

Table 7. Comparison of initial rotational stiffness between analytical and experimental results

. Sj,ini,th Sjini,test
Specimen |\ \'mirad) | (kN-mirad) Error
CB1 32.875 54.838 “40.1%
CB2 42,900 46,027 7.3%
B3 61,387+ 78.188+ 21.4%
56,470- 65,529- -13.8%
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