Manuscript File Click here to view linked References %

https://doi.org/10.1016/j.tws.2020.107284 This is the Pre-Published Version.

1 A study of net-section resistance of high strength steel bolted connections
2
3 Xue-Mei Lin*®, Michael C.H. Yam®®>*, Kwok-Fai Chung®®, and Angus C.C. Lam?
4
5  ?Department of Building and Real Estate, The Hong Kong Polytechnic University, Hong Kong,
6 China
7 ® Chinese National Engineering Research Centre for Steel Construction (Hong Kong Branch),
8 The Hong Kong Polytechnic University, Hong Kong, China.
9 ¢ Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University,
10 Hong Kong, China
11 4 Department of Civil & Environmental Engineering, University of Macau, Macau, China
12 *Corresponding author. E-mail address: michael.yam@polyu.edu.hk
13

14 Abstract

15

16  This article presents an experimental and numerical investigation on the net section resistance
17  of high strength steel (HSS) bolted connections subject to double shear. A total of 22 HSS and
18 11 mild steel (MS) bolted connection specimens were tested to net section fracture. HSS grades
19 of Q690 and Q960, and MS grade of Q345 were studied. Although the HSS material has
20  relatively lower ductility and a lower ratio of tensile strength to yield strength (fu/fy) than those
21  ofthe MS material, in general, the HSS connection specimens were able to reach the connection
22  efficiency (i.e. the ratio of the ultimate load of the connection specimens to the calculated net
23 section resistance) of above 1.0. Subsequently, the structural behaviour of the connections was
24 studied by finite element (FE) analysis. The effects of material ductility and fu/fy ratio on the
25  stress development across the net section of the specimens were examined. It was found that
26  HSS materials possess sufficient ductility to allow an efficient stress redistribution across the
27  net section. Besides, the beneficial influence of the ‘reinforcement’ or the biaxial stress effect

28  due to the presence of holes in the connection increases the ultimate capacity of the perforated
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main plate, and hence the HSS specimens were able to reach the net section resistance.
However, the overall deformation capability of the HSS specimens was significantly lower
than that of the MS specimens. Reliability analysis was carried out to re-examine the partial
factor used in the current design equation for predicting the net section resistance in Eurocode

3.

Keywords: High strength steel, Net section resistance, Bolted connections, Experimental

investigation, Finite element analysis, Reliability analysis

1. Introduction

High strength steel (HSS) commonly refers to structural steel with nominal yield
strength, fyn, higher than 460 MPa [1]. With the development of metallurgical technology, the
mechanical properties of HSS have been significantly improved. Steel structures made of HSS
can achieve longer span and create larger column-free space with reduced section size and self-
weight of the members compared with those made using mild steels (MS) [2-5]. Therefore,
considerable economic and environmental benefits can be gained by applying HSS to civil
engineering structures. To employ HSS in steel structures effectively, the connections between
the HSS structural members, either bolted or welded, must be properly designed to transfer the
applied forces. Hence, it is important to ensure an effective stress redistribution across the net
section of a bolted connection such that the entire net section can achieve the tensile strength
of the material prior to fracture at the bolt hole. To achieve an effective stress redistribution in
the connection, the steel material must possess sufficient ductility. However, it is commonly
known that HSS generally has relatively lower ductility and a lower ratio of the tensile strength

(fu) to yield strength (fy) than those of MS materials [6]. It is, therefore, important to examine
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whether the level of ductility possessed by HSS materials is sufficient for developing an
effective stress redistribution across the net section of a HSS bolted connection.

A number of research studies were conducted to investigate the net section
resistance (Anetfu) of HSS bolted connections, where Anet is the net section area of the
connection [7-15]. Aalberg and Larsen [9] examined a group of connections equipped with
one row of three bolts along the loading direction made of Weldox 460 (fyn = 460 MPa)
and Weldox 700E (fyn = 700 MPa). The ultimate loads of the connections were found
close to the corresponding net section resistance, Anetfu. Moze et al. [13] tested several
series of single-bolt and two-bolt connections made using S690 steel (fyn = 690 MPa). It
was found that the design equation for ultimate resistance of net section in EN 1993-1-1
[16], i.e. EqQ.(1), provided conservative prediction for HSS sections.

0.94
Ny g = 2 Anettu @)

Ym2

where y,,, with a recommended value of 1.25 is the partial factor for the resistance of cross-
section in tension to fracture [16]. This finding was further confirmed by Feldmann et al.
[12] based on a study of single bolted connections made of S960 steel (fyn = 960 MPa). It
was even suggested that the steel grade range (S460 ~ S700) in EN 1993-1-12 could be
extended to include S960 [12]. However, the conclusions above were mainly developed
based on the study of multi-bolt connections but steel grade only up to S690/S700, or
single-bolt connections with steel grade up to S960. Therefore, the applicability of these
findings to multi-bolt connections made of HSS up to S960 needs further investigation.
A preliminarily numerical study has been carried out by the authors to examine the
ultimate strength of multi-bolt connections made of S960 steel [17]. It was found that the
ultimate strength of the multi-bolt HSS connections could reach the corresponding net
section resistance. Although the above studies showed that the HSS connections with
single or two bolts in the net section were able to reach the corresponding net section
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resistance, there is limited experimental data on the study of ultimate strength of multi-
bolt connections made of HSS, especially for steel grade up to S960. Hence, this study
aims to examine experimentally the ultimate strength of multi-bolt connections made of
various HSS materials (grade Q690 and Q960) and with different connection details. A
numerical study using the finite element (FE) method is also conducted to help explain
the test results and to provide further insights. Finally, a reliability analysis is conducted
to assess the partial factors in the current design formula in Eurocode 3 [16, 18] for
evaluating the net section strength of HSS connections based on the test data from this

paper and those extracted from the existing literature.

2. Experimental investigation

2.1  Test specimens

A total of 22 HSS and 11 MS bolted butt connection specimens subject to double shear
were tested. A 2 x 2 bolt pattern was adopted for the specimens with four Grade 12.9 M12
bolts as shown in Fig. 1. The geometric parameters included the edge distance (e2), end distance
(e1), bolt spacing parallel and perpendicular to the loading direction (p1 and p2), and the bolt
hole diameter (do), as presented in Fig. 1. Three types of steel grade, namely, Q345, Q690 and
Q960, were investigated in this study, as represented by letters M1, M2 and M3, respectively
in the specimen designation. The nominal main plate thickness (t) was 6 mm for the Q345 and
Q690 steel plates, and 5 mm for the Q960 steel plate. All the lap plates were made using 10
mm thick Q690 steel plate to ensure the occurrence of fracture in the main plate. The edge
distance (e2) ranged from 0.8do to 2.0do, i.e. from 10 to 26 mm with the bolt hole diameter (do)
of 13 mm. The bolt spacing perpendicular to the loading direction (p2) varied from 2.0do to

4.4do (i.e. from 26 to 57 mm). The bolt spacing in the direction of load transfer (p1) and the end
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distance (e1) was both maintained at 3.0do (i.e. 39 mm) to avoid block shear failure and bearing
failure. The specimens were designated using steel grade, edge distance (e2), and bolt spacing
p2. For example, considering specimen M1e26p39, ‘M1’ represents the steel grade Q345, ‘€26’
represents the edge distance e = 26 mm, and ‘p39’ represents the bolt spacing perpendicular
to the loading direction p2. = 39 mm. The measured dimensions are summarised in Table 1.
Tension coupon tests were conducted according to ASTM E8/E8M-16a standard
(ASTM 2016) [19]. Three dog-bone shaped tension coupons were tested for each type of steel
material. The mean values of the measured material properties, including elastic modulus (E),
static yield strength (fy), static tensile strength (fu), ultimate strain (e;) based on 50 mm gauge
length and elongation at fracture (4), are summarised in Table 2. Typical stress-strain curves
of the MS and HSS material are depicted in Fig. 2. It is noted that the measured static yield
strength of steel grade Q960 is 930.2 MPa, slightly lower than the nominal yield strength of

960 MPa.

2.2  Test setup and procedure

All the tests were carried out using a universal tensile testing machine (INSTRON 8803)
with a loading capacity of 500 kN. The test setup is shown in Fig. 3. The ends of the connection
specimen were fixed in the corresponding hydraulic grip. A quasi-static tensile load was
applied to the specimen by the bottom grip. The built-in load cell and displacement transducer
recorded the applied load level and the total elongation of the specimen, respectively. In
addition, two linear variable differential transformers (LVVDTSs) were installed on both sides of
the main plate to measure the relative displacement between two points of 125 mm apart, as
shown in Fig. 3. The reading of the LVDTs was collected by a data logger system (UCAM-

60B). The bolts were snug tightened by hand to minimise any frictional resistance of the
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connection.

Each specimen was subject to a preloaded of 10 kN to eliminate any major slip between
the bolts and bolt holes. The preload was then released to around 2 kN to ensure the majority
of the bolts bearing on the bolt-hole walls. The main loading procedure comprised of two stages:
a load control at 20 kN interval in the elastic stage followed by a stroke control in the inelastic
stage. The displacement loading rate was specified to be 0.5 mm and 0.3 mm per minute for
the MS and HSS connections, respectively, until reaching the corresponding ultimate load.
Subsequently, the loading rate was increased to 1.0 mm and 0.5 mm per minute, respectively,
until the failure of specimens. At the end of each loading step, the stroke was held for around
2 minutes to allow for stress redistribution and the corresponding static readings of load were

recorded.

2.3 Test results

All the 33 specimens were failed by net section fracture of the main plate. The failure
mode of the specimens is shown in Fig. 4. As expected, fracture occurred in the main plate at
the first row of bolts. The ultimate load from the tests, Putst, the calculated net section
resistance Pys, i.e. Anetfu, and the connection efficiency of each connection, which is the ratio
of Py test to Pys, are summarised in Table 1. In general, the test results showed that the connection
specimens could reach the corresponding net section resistance. The average connection
efficiency was 1.11 with a coefficient of variation (CoV) of 3.8% and 1.09 with a CoV of 3.0%
for the MS and HSS specimens, respectively.

The load-displacement curves for all the specimens are shown in Fig. 5, where the value
of displacement was determined by the mean value of the two LVDTs readings. The load-

displacement curve of specimen M2el0p26 after the ultimate state was not shown due to
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unexpected termination by the testing machine. The corresponding structural performance after
the ultimate state has been duplicated using numerical simulation which will be discussed in
the later section. In general, a linear load-displacement response was found at the initial stage
for all the curves and then followed by a nonlinear load-displacement response once the
yielding of material occurred. For the MS specimens, obvious load plateaus were observed,
resulting in a larger deformation of the MS specimens when comparing to those of the HSS
connection specimens. This observation is expected since the higher ductility of the MS
material allowed an effective stress redistribution in the vicinity of the bolt holes, which
permitted further elongation to occur along the length of the specimen prior to the fracture of
the net section. On the other hand, the load-deformation curves of HSS specimens did not
possess an appreciable yield plateau. The ultimate load was achieved rapidly after yielding of
the critical net section, followed by necking and fracture of the whole net section, due to the

low fu/fy ratio of the HSS materials as shown in Fig. 5.

2.4 Discussion of test results

As shown in Table 1, the ultimate load of the specimens increased significantly with
increasing edge distance (e2) from 10 to 26 mm for a bolt spacing (p2) of 26 or 39 mm
irrespective of steel grade. It was because the net section area of the steel plate (Anet) increases
with increasing edge distance (e2), as shown in Table 1. However, the corresponding
connection efficiency decreased with increasing edge distance (e2). As shown in Fig. 6a, for
Q345, Q690 and Q960 specimens with a bolt spacing (p2) of 26 mm, i.e. specimens (M1-
M3)(e10-e26)p26, the connection efficiency decreased from 1.21 to 1.06, from 1.16 to 1.04,
and from 1.12 to 1.03, respectively, with increasing edge distance from 10 to 26 mm. A similar

decreasing tendency was also observed among the specimens with a bolt spacing (p2) of 39
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mm, i.e. specimens (M1-M3)(e10-e26)p39, although the reduction is not very severe, as shown
in Fig. 6b. This may be due to the insufficient stress redistribution along a longer edge distance
prior to failure. Further clarification will be presented in the later section of the finite element
analysis of test specimens. In addition, for specimens (M1-M3)el10p57, (M1-M3)e20p39 and
(M1-M3)e26p26, the width (W) was maintained at 6.0do, which means that the designed net
section capacity was maintained the same for each specimen series made using the same steel
material. The edge distance was varied from 10 to 26 mm, and the corresponding bolt spacing
(p2) was decreased from 57 to 26 mm. As shown in Fig. 6c, the connection efficiency also
decreased in general with increasing edge distance (e2) for each steel grade. Moreover, as
shown in Fig. 6d, the connection efficiency of specimens with an edge distance (e2) of 20 mm
was found all below that of the specimens with an edge distance (e2) of 10 mm.

For the effect of bolt spacing (p2), the ultimate load of the specimens with an edge
distance (e2) of 10 or 20 mm also increased with increasing bolt spacing (p2) from 26 to 57 mm
or 52 mm irrespective of the steel grade, as shown in Table 1. This was also due to the
increasing net section area of the steel plate (Anet) With the increase in the bolt spacing (p2).
However, the connection efficiency decreased with increasing bolt spacing (p2) for the
specimens (M1-M3)el0(p26-p57), as shown in Fig. 6d. Again, this may be attributed to the
insufficient stress redistribution along a longer bolt spacing (p2) before failure due to the stress
concentration at the inside edge of the bolt hole. For the specimens with a longer edge distance
((M1-M3)e20(p26-p52)), the connection efficiency increased with the increase in p, from 26
to 39 mm in general, as shown in Fig. 6d. This may be due to the fact that the stresses could be
further redistributed along the longer edge distance (20 mm) prior to the fracture of the inside
edges of the bolt holes when the bolt spacing (p2) was increased from 26 to 39 mm. Hence, the

connection efficiency was higher for a larger bolt spacing (p2). However, the connection
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efficiency was not found to increase when the bolt spacing (p2) was further increased up to 42
mm.

As shown in Fig. 7a, a slight decline trend in the connection efficiency was found with
increasing yield strength of steel material for the specimens with the same geometric
configuration. The maximum difference of the connection efficiency was found between
specimens M1elOp26 and M3elOp26, with a value of 7.7%. However, the connection
efficiencies of all the HSS specimens are above 1.0. This could imply that the lower ductility
and fu/fy ratio might not significantly affect the net section resistance of the HSS connections.
It may be attributed to two reasons: firstly, although the HSS material has lower ductility than
that of the MS material, the HSS materials possess sufficient ductility to allow an effective
stress redistribution around the bolt holes; secondly, the net section strength was enhanced by
the biaxial stress effect in the perforated steel plate [20-22]. This will be further illustrated in
the later section of the finite element analysis of test specimens. However, the influence of
lower ductility of steel material on the specimen deformation was obvious, as shown in Fig. 7b.
The specimens with the same geometric configurations made with the higher-grade steel
material generally showed a smaller axial displacement, which was measured by the LVDTs
at the peak load. This could also be observed in the corresponding load-displacement curves

shown in Fig. 5.

3. Numerical investigation

3.1 Finite element model

The finite element (FE) method was employed to simulate the structural behaviour of
the specimens. The development of stress and strain along the critical net section and the

deformation of the bolt holes during the loading, which could not be observed during the tests
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due to the configuration of lap plates, would be examined carefully using the FE analysis results.
The FE results would also help explain the test results, in particular, the reason behind the
attainment of the net section resistance of the HSS specimens.

Nonlinear FE analysis of the connection specimens was conducted using the
commercial software, ABAQUS/Explicit [23]. The C3D8R solid elements were used to model
all the connected components, including the main plate, lap plate and bolt, as shown in Fig. 8.
The head of the bolt was modelled by a cylinder with a diameter of 20 mm. A mesh
convergence study was performed to determine the suitable mesh size with reasonable
simulation accuracy and computation time. A refined mesh size of 1.5 mm was used in the
vicinity of the bolt holes in the main plate. The mesh sizes for the lap plate and the bolt were
approximately 4 mm and 2 mm, respectively. The interactions between the surfaces of contact
were defined as general contact with “hard” contact behaviour. A friction coefficient of 0.2,
which was specified as the Class D slip factor for the untreated hot rolled steel in EN 1993-1-
8 [24] was adopted for the tangential contact behaviour. A fixed boundary was applied to one
end of specimens to simulate the fixed end of the connection. A quasi-static uniform
displacement along the longitudinal direction (Ul) was applied on the other end of the
specimens to simulate the applied load in the test, and the remaining five degrees of freedom
were restrained, as shown in Fig. 8. Besides, the shanks of bolts were set into bearing on the
surfaces of the bolt holes in the initial stage to simulate the results of the preload step in the
test.

The elastic-plastic material behaviour with isotropic hardening was adopted for the
analysis. The true stress-strain relationship before necking was determined by Egs. (2) and (3)
based on the values of engineering stress and strain obtained from the tension coupon tests.
The corresponding relationship after necking was considered almost linear according to [25]

and was calibrated by the modified weighted average method proposed by Jia and Kuwamura
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[26]. The material properties of the Grade 12.9 M12 bolts were selected from [27]. The elastic

modulus, yield strength, ultimate strength and the ultimate strain were taken as 211.1 GPa,
1210 MPa, 1310 MPa, and 3.25%, respectively.

Otrue = Teng(1 + Eeng) (2)

Erue = IN(1 + eeng) €)

Where oy and &, are true stress and strain, o, and e.,g are engineering stress and strain,

respectively. The material model was used in conjunction with the simplified Johnson-Cook

fracture model (Eg. (4)) in order to capture the structural behaviour at fracture of the specimens

[28-30]. When the parameter D, as presented in Eq. (5), reached 1.0, the material stiffness was

considered to be fully degraded [31], and the related elements were removed from the

calculations to simulate the fracture.

EP' = Cy + Cre~Gm 4)
L l
Ur

where E}’l is the equivalent plastic strain to fracture, n is the stress triaxiality, which equals to
the ratio of the mean normal stress (o,,,) to the von Mises equivalent stress (&) [29, 32]. L is

the characteristic length of the element and H}“l is the effective plastic displacement at the point
of failure. The values of L vary with different element geometries and are automatically

calculated by ABAQUS [23]. Due to the lack of experimental data, a value of 0.1 was assigned

to ﬂ}’l with a linear evolution form for each steel material [33]. C1, C2 and Cz are material
parameters, which were calibrated using a trial and error process until the gradual unloading
responses predicted by the FE analysis were in good agreement with those in the test [34, 35].
Based on the above, the parameters C1 and C, were determined as 0.08 and 2.0 for the three
steel grades. The parameter C3 was calibrated to be 3.2, 2.5 and 2.8 for Q345, Q690 and Q960

steel material, respectively.
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3.2 Results of finite element analysis and discussion

The predicted failure mode of the specimens by the FE analysis compared well with the
observed net-section fracture of the specimens in the tests as shown in Fig. 4. The ratio of the
ultimate load between test results and the predictions from FE analysis, i.e. Pytest/Purem IS
summarised in Table 1. The test-to-predicted ratio for the Q345 specimens varied from 0.98 to
1.05 with an average value of 1.01 and a CoV of 2.0%. For the HSS specimens, the test-to-
predicted ratio ranged from 0.98 to 1.04 with an average of 1.01 and a CoV of 1.4%, as shown
in Table 1. In general, the FE load-displacement curves of all the specimens were in good
agreement with those from the test results as illustrated in Fig. 5. It can be seen that the FE
analysis was able to capture the nonlinear behaviour of all the specimens as well as the
descending branch of the load-displacement curves.

The FE models of specimens (M1-M3)e20p39 were used to illustrate the typical
deformation process of the connections. Three stages of loading as shown in the corresponding
loading-displacement curves in Fig. 5 were considered, i.e. P1= 0.6Pyrem, P2 = 0.9Py rem, and
P3 = 1.0Pyrem. The corresponding development of the axial stress (Si1 — along the loading
direction) and the equivalent plastic strain (PEEQ) across the critical net section are illustrated
in Fig. 9. The value of stress S11 was compared with the average normal stress across the critical
net section at the corresponding loading stage, i.e. Pi/Anet, i = 1, 2 and 3, as well as the yield
and tensile strength of the corresponding material. The critical net section is shown in Fig. 8a
as segment A1-B1-C1-Co-Bo-Ao.

As shown in Fig. 5, the three specimens maintained nearly linear load-displacement
behaviour before the load reaching 0.6Py rem, and thus the value of PEEQ along the A:-B1-Cs-

C2-B2-Az at 0.6Pyrem State was found nearly zero, as illustrated in Fig. 9. When the load was

12
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increased to 0.9Py rewm, large values of PEEQ at the bolt edges, i.e. at points B1, C1, B2 and C;
in specimen M1e20p39 were observed, which was due to the much larger deformation around
the bolt hole edges than that in other areas across the net section at the 0.9P, rem State. At the
1.0Pyrem loading stage, the PEEQ around the bolt holes became more significant as shown in
Fig. 9a. For specimens M2e20p39 and M3e20p39, the PEEQ in the vicinity of the bolt holes
was relatively small at the 0.6Pyrem state. At the ultimate state, the PEEQ increased
substantially around the bolt holes as illustrated in Figs. 9b and 9c for the HSS specimens.
However, the corresponding values of PEEQ around the bolt holes were lower than those in
the MS specimens at the ultimate state due to the lower ductility of HSS materials.

The distribution of stress Si1 across the critical net section was highly non-uniform at
the 0.6Py,rem loading stage for the three specimens due to the stress concentration around the
bolt holes, as shown in Fig. 9. When the load was increased to 0.9Py rewm, stress redistribution
occurred in the plate areas between the two bole holes, i.e. along segment C1-Co, as shown in
Fig. 9. The average normal stresses Si1 across the critical net section, i.e. P2 /Anet for the three
specimens were all found exceeding the corresponding yield strength level of the steel materials
and even already approaching the tensile strength level at this stage for the three specimens.
For specimen M1e20p39, the whole critical net section has completely yielded at 0.9Pyrem
loading stage. While for specimens M2e20p39 and M3e20p39, the stresses along segments As-
B1 and A>-B: (i.e. the edge distance) were not fully developed up to the yield strength at this
loading stage, especially those in the vicinity of the plate edge, as shown in Figs. 9b and 9c.
This was consistent with the observation that the corresponding values of PEEQ close to the
edges of the plate were nearly zero at the 0.9Pyrem loading stage. When the load reached
1.0Pyrewm, the stress along segment C1-C, was further developed and exceeded the stresses at
the inside edge of the bolt holes for the three specimens. This observation is due to the biaxial

stress state existing in the plate area away from the bolt holes. Further discussion of the
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beneficial effects of biaxial stress state will be discussed in the following section. The resulting
mean normal stress across the critical net section at the ultimate state, i.e. P3/Anet, was far above
the tensile strength level of the corresponding material although the local stress S11 nearby the
plate edges, i.e. A1 and Az, was still relatively lower than the tensile strength level. Hence, it
can be seen that the net section resistance could be achieved for the multi-bolt HSS connections
even though the HSS materials have lower ductility and lower fu/fy ratio than those of MS
materials.

Based on the analysis above, it was found that both MS and HSS materials provided
sufficient ductility to allow efficient stress re-distribution across the net section of the
specimens and avoided the occurrence of premature fracture at the bolt holes. However, the
stresses were always non-uniformly distributed along the segments A:-Bi and A:-B>
throughout the whole loading process and the stresses at the plate edge were always below the
corresponding tensile strength of the material. The major contribution to the net section
resistance of the connection was mainly from the highly stressed area between the bolt holes
(C1-C») and the area near the outside edge of the bolt holes (B1 and Bz). This may be explained
by the beneficial influence of the ‘reinforcement’ or the biaxial stress effect caused by the two
bole holes, which was first proposed by Munse and Chesson [21] based on the study conducted
by Schutz [20]. It had been found that the biaxial stress effect could enhance the ultimate
strength of a perforated steel plate at the net section [22]. The stress vectors of specimen
M3e20p39 at the 0.9Py,rem loading stage is shown in Fig. 10 to illustrate the biaxial stress effect.
As shown in the figure, tensile stresses along the transverse direction, i.e. S were observed
across the critical net section. The value of Sz> could further increase with increasing applied
tensile load. It can be seen that S»; was nearly zero across the gross section (D1-D>) located far
from the bolt holes in the main plates, as shown in Fig. 10. The biaxial state of stress is due to

the existence of bolt holes that prevented the free lateral contraction of the material in the net
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section area when the specimen is subject to tension [36]. It was proposed that the failure of
most ductile materials could be accurately predicted by the distortion energy criterion, i.e.
(61— 03)% + (0, — 03)% + (0, — 03)% = 20,2, Where o4, g, and o5 are the principal stresses
and g, is the equivalent von Mises stress [37]. Due to the biaxial state of stress (o; = S11, 0, =
S22 and o3 = 0), a larger value of Si1 is required in order for the material to reach the
corresponding tensile strength compared with the same material under uniaxial tension [37].
As shown in Fig. 10, S22 in the area between the bolt holes (C1-C>) and the area near the outside
edge of the bolt holes (B1 and B2) was much larger than those in other regions across the net
section. This resulted in a larger enhancement of Si1 in the corresponding areas than those in
other areas, and the consequent value of Si1 exceeded that around the bolt holes at the ultimate

state, as shown in Fig. 9.

4. Reliability analysis and design recommendations

The net section resistance of HSS (S460~S700) based on the EN 1993-1-12 [18]
addition rule is:

0.94
Ny = 2 Anethu 6)

Ym12

where y1, 1S the partial factor for net section resistance of HSS (S460~S700) with a value of
1.25 [18]. It is worth noting that Eq. (1) was mainly developed based on the test data of MS
bolted connections [38]. The factor 0.9 in Eqg. (1) was initially suggested for MS bolted
connections to meet the reliability criteria and maintain the specified value of 1.25 for partial
factor y,, which was also employed in other design standards, such as EN 1993-1-8 [24] to
predict the resistance of bolted connections in tension [16, 39]. Since Eq. (6) is only applicable

to steel grade up to S700, a reliability analysis of the bolted connections with higher steel grade
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(Q960) should be conducted. In addition, the new HSS connection data from this study would
also help substantiate the application of Eq. (6) to HSS connections.

According to EN 1990 [40], the target value of reliability index g was taken as 3.8
corresponding to a structure under the ultimate limit state for a 50-year reference period. The
first-order reliability method (FORM) sensitivity factor for resistance ay was taken as 0.8 to
obtain a product of az8 = 0.8 x 3.8 = 3.04 corresponding to a probability of failure of about
0.1%. A partial factor y,,, which accounts for material properties, model uncertainties, and
dimensional variations, equals to the ratio between the characteristic and the design values of

resistance, presented as [40]

Y= )

Tk = bgrt()_(m)Rk )

74 = bgre(Xm)Ra )

R = exp(—koartQre — knasQs — 0.5Q%) (10)
Ry = exp(—kg oy Qe — kgnasQs — 0.5Q2%) (11)

If the number of tests n is larger than 100, the values of R, and R, can be obtained by
Ry = exp(—ko,Q — 0.50?) (12)
Ry = exp(—ks,Q — 0.50?) (13)
where b is the mean value correction factor, which can be estimated by ‘least squares’ best-fit
method, presented as

_ 2 TeTt

B 2Tt

b (14)

where 7, and r, are experimental and theoretical values of resistance. g,.:(X) is a design model
for theoretical resistance, which equals to Anetfu in this study. Value of g,..(X,, ) was determined
by the mean value of the nominal net section area and the mean value of measured tensile

strength of steel material. k,, and k, ,, are the characteristic and design fractile factors. The
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corresponding values were determined according to [41, 42] based on the number of tests n.
k. and kg ., are the values of k,, and kg, for infinite n, taken as k., = 1.64 and k; o, =

agf = 3.04 [40]. Parameters, including Q,;, Qs and Q can be determined by the coefficients

of variation V., Vs and V,, based on the expressions of \/ln(Vrtz + 1), \/ln(ng +1), and

/ln(Vr2 + 1), respectively. a,, and a5 are the weighting factor, equals to Q,../Q ratio and

Qs/0Q ratio, respectively. Vs is the coefficient of variation of the error terms &, which is
combined with the coefficients of variation of other basic variables in the design model, i.e.
Vyi. The coefficient of variation (CoV) value of the material property was taken as 0.055 for
HSS material according to [43]. The CoV values of the hole diameter, plate width and plate
thickness were taken as 0.005, 0.005 and 0.05, respectively according to [44, 45]. The

relationship among these coefficients of variation is given by

V2 =V + V' (15)
j)

Ve = ) Vii® (16)
i=1

where j is the number of different variations. More detailed procedure of determining the
various parameters can be found in [40, 46]. In addition, another basic variable contained in
the design model, which is defined as a nominal value should be considered. For example, the
mean values of the geometric dimensions are adopted as the nominal values, and the nominal
values of the material properties are defined as characteristic values. The characteristic value
of the material strength can be obtained based on previous knowledge. Thus, the nominal
resistance r, can be calculated using the mean value of the nominal net section area and
characteristic value of measured tensile strength of steel material. In this study, it can be

presented as
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T = Gre(Xn) = gre(Xim)exp(=2.0V; — 0.5%%) (17)
where the value of V. should be taken as the maximum variation coefficient obtained from prior
tests. Subsequently, the discrepancy between the characteristic and the nominal value of
resistance should be considered to modify the partial factor y,,. The ratio between the

characteristic and the nominal value of resistance is presented as

=5
ke =2 (18)

Finally, the corrected partial factor y,,* via using nominal resistance is obtained by
Ym© = kcym (19)
The results of the statistical analysis of the new HSS connection data from this study,
defined as set 1, are summarised in Table 3. The value of the corrected partial factor y,,* for
set 1 is found to be 1.066 based on the analysis of the design model Anetfu, The corresponding
value of y,,* could even be declined to 0.960 if the factor of 0.9 was considered in the design
model (0.9Anetfu). This implies that the current design equation in EN 1993-1-12 provides
conservative predictions of the net section resistance of HSS bolted connections, which is also
consistent with the findings from [12, 13] and [47]. To ensure the sample could sufficiently
reflect the probabilistic distribution of the population in statistical evaluation, a large number
of test results are needed [40]. Therefore, a total of 137 test results of HSS bolted connections
failed by net section fracture were also evaluated, including the 22 connections tests in this
study and 115 specimens made using HSS selected from existing literature [8, 9, 11-14, 48], as
shown in Fig. 12. The number of bolts in the net section (Nb) ranges from one to three. The
width and thickness of the main plate (W and t) range from 41 to 242 mm and 5.0 to 17.5 mm,
respectively. The bolt diameter (do) varies from 13 to 32 mm. The measured yield strength and
tensile strength (fy and f,) vary from 460 to 1060 MPa and from 556 to 1161 MPa, respectively,
as shown in Table 4. The 137 test results, defined as set 2, were divided into two sub-sets (set

3 and set 4) according to the measured values of yield strength of steel material. The specimens
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made using steel material with yield strength lower than 700 MPa were included in Set 3, the
remaining were contained in Set 4. The statistical evaluation of each set of data was carried out
and the corresponding results are summarized in Table 3. The value of the corrected partial
factor y,,* for set 2, 3 and 4 are found to be 1.118, 1.080 and 1.170, respectively based on the
analysis of the design model Anefu. The value of y,,* could be declined to 1.006, 0.972 and
1.053 for Set 2, 3 and 4, respectively for the design model 0.9Anefu. It can be seen that the set
4 data, which contains test specimens with a yield strength greater than 700 MPa, has the largest
vu", Which reflects the larger variation of net section resistance of this type of specimen. This
is also consistent with the observation that the CoV values of V5 = 0.049, and V. = 0.089 in
set 4 data are largest among the three sets. Again, this indicates that the predicted net section
resistance of HSS bolted connections by the current design formula in EN 1993-1-12 is very

conservative.

5. Summary and conclusions

An experimental and numerical investigation on the net section resistance of multi-bolt
HSS connection specimens is presented in this study. A total of 22 high strength steel and 11
mild steel bolted connections were tested to failure by net section fracture. The test results
showed that the connection efficiencies of all the specimens were larger than 1.0, which
indicated that the multi-bolt HSS connections could achieve the corresponding net section
resistance (Anetfu).

Finite element analysis was conducted to simulate the structural behaviour of the
specimens in order to further examine the nonlinear stress and strain development at the critical
net section. The analysis also helped investigate the effects of material ductility and fu/fy ratio

on the structural performance of the connection specimens. It was found that the relatively
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lower ductility and lower fu/fy ratio of HSS materials than those of MS materials did not affect
the net section resistance of HSS connections significantly. The attainment of the net section
resistance of the multi-bolt HSS connections was mainly due to two reasons: (1) the lower
ductility of the HSS materials was still sufficient to allow an efficient stress redistribution
across the net section, and (2) the ultimate capacity of the perforated main plate was enhanced
due to the biaxial stress effect caused by the bole holes. However, the overall deformation
capability of the HSS specimens was significantly lower than that of the MS specimens due to
the low ductility of HSS materials.

In addition, the partial factor in the current design equation was re-examined by a
statistical evaluation of the 22 new HSS connection data from this study. The value of the
corrected partial factor y,,* was found to be 1.066 based on the analysis of the design model
Anetfu, The corresponding value of y,,* could be declined to 0.960 if the factor of 0.9 was
considered in the design model (0.9Anetfu). Furthermore, a statistical analysis of a larger sample
size (137 test data) including 115 test data extracted from existing literature and 22 from current
study was also carried out. The value of the corrected partial factor y,,* was found to be 1.118
and 1.006 for the design models Anetfu and 0.9Anetfu, respectively. It implied that the current
design equation for net section resistance of HSS (S460~S700) in EN 1993-1-12 with a partial

factor of 1.25 provided conservative predictions of the HSS bolted connection specimens.
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Fig. 10. Net section under biaxial stress at loading stage 0.9Py rem (Specimen M3e20p39)
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Fig. 11. Statistic evaluation of design model Anetfy (Set 2 data)
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Table 1 Measured dimensions of specimens, test results and FE predictions

. t €2 P2 do Anet Pus Putest Putest Puitest
No. Specimen oy (mm) (mm) (mm) (mm) (mm?) (kN) (kN) /Pu  /Purem
1 M1elOp26 47.3 6.3 10.2 269 131 1332 742 89.7 1.21 1.05
2 M1el0p39 60.1 6.4 10.2 398 131 2175 1212 1373 1.13 0.99
3 M1elOp57 78.2 6.3 10.2 577 131 3257 1815 2013 111 1.00
4 M1el3p26 52.3 6.3 13.0 26.2 133 1624 905 1039 115 1.02
5 M1lel6p39 70.6 6.4 157 39.2 130 2857 159.2 1765 1.11 0.99
6 M1e20p26 654 6.4 199 255 131 2501 1394 1496 1.07 1.01
7 M1e20p31 704 6.3 196 311 131 279.0 1555 1724 111 1.02
8 M1e20p39 785 6.4 198 39.0 13.0 336.8 187.7 204.0 1.09 0.99
9 M1e20p52 915 6.3 19.7 521 131 4143 2309 2505 1.08 0.98
10 Mle26p26 784 6.3 26.1 26.1 13.1 3304 184.2 1951 1.06 1.02
11 Mle26p39 915 6.3 26.2 39.0 13.1 409.7 228.4 2471 1.08 1.01
Mean 1.11 1.01
CoVvV 38% 2.0%
12 M2el0p26 470 5.8 101 269 131 1215 965 1116 1.16 1.02
13 Mz2el0p39 60.5 5.8 10.3 398 13.0 2014 160.0 1788 1.12 1.00
14 M2el0p57 78.1 5.9 10.2 57.8 131 304.2 2417 269.6 1.12 0.99
15 M2el3p26 52.2 5.8 131 261 131 151.8 1206 1370 114 1.04
16 M2el6p39 705 5.8 157 391 130 2586 2054 2258 1.10 1.00
17 M2e20p26 654 5.8 199 255 131 2287 181.7 1946 1.07 1.02
18 M2e20p31 704 5.8 196 312 131 2584 2053 2241 1.09 1.03
19 M2e20p39 784 5.8 19.7 39.0 131 305.0 2423 2646 1.09 1.01
20 M2e20p52 914 58 196 522 131 3784 300.6 3295 110 1.00
21 M2e26p26 780 5.9 259 26.1 13.1 3049 2422 2520 1.04 1.01
22 M2e26p39 910 5.8 2600 39.0 131 379.1 3012 3216 1.07 1.01
23 M3el0p26 470 4.9 10.0 27.0 131 101.6 1055 1183 1.12 0.99
24  M3el0p39 60.0 4.9 101 399 131 1654 1718 1929 112 1.00
25 M3elOp57 78.3 4.9 10.2 579 131 2547 2645 2899 1.10 0.99
26 M3el3p26 520 4.8 13.0 26.0 131 1246 1294 1432 111 101
27 M3el6p39 70.2 4.8 155 393 131 2117 2199 239.7 109 1.00
28 M3e20p26 65.3 4.8 199 255 131 187.7 1949 2020 1.04 0.98
29 M3e20p31 704 48 195 31.3 131 2138 2220 2375 1.07 1.01
30 M3e20p39 78.8 4.9 198 391 131 256.6 266.4 2899 1.09 1.02
31 M3e20p52 90.8 4.8 193 522 131 3116 3236 3526 1.09 1.00
32 M3e26p26 784 4.8 26.1 26.2 131 2517 2614 2705 1.03 1.00
33 M3e26p39 91.0 4.9 260 39.0 131 3172 3295 3455 1.05 0.99
Mean 1.09 1.01
CoVv 3.0% 1.4%

Note: The nominal thickness of the main plate is 6.0 mm, 6.0 mm and 5.0 mm for Q345, Q690

and Q960 steel plates, respectively. The nominal diameter of each bolt and bolt hole is 12.0

mm and 13.0 mm, respectively.
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Table 2 Mean value of the measured material properties

Elastic o . . . .
! Static yield Static tensile Ultimate  Elongation
. modulus, .
Material e strength, fy ~ strength, fu  strain, ey  at fracture, 4 fu/fy
MPa MPa % %
cry  (MPD (P () (%)
Q345 212.2 446.1 557.4  16.81 2947 125
(t=6 mm)
_Q690 204.8 743.2* 794.5 6.14 17.37 1.07
(t=6 mm)
Q690 206.1 742.7% 791.0 6.1 2230 1.07
(t=10 mm)
_Q%O 203.7 930.2* 1038.5 6.10 15.67 1.10
(t=5 mm)

Note: * -- 0.2% proof stress
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Table 3 Results of statistical analyses of design net section resistance

Design  Data Number .
model set  of tests n kq b Vs Ve ke Ym Ym

Anetfy 1 22 1.76 3.61 1081 0.030 0.080 0.948 1.124 1.066

2 137 164 3.04 1.046 0.045 0.087 0.989 1.129 1.118

3 69 168 324 1072 0.036 0.083 0.960 1.126 1.080
4 68 168 324 1012 0.049 0.089 1.028 1.138 1.170
0.9Anetfu 1 22 1.76 3.61 1.201 0.030 0.080 0.853 1.124 0.960

2 137 164 3.04 1163 0.045 0.087 0.891 1.129 1.006

3 69 168 324 1192 0.036 0.083 0.864 1.126 0.972

4 68 168 324 1124 0.049 0.089 0.926 1.138 1.053

Note: set 1 - the new HSS connection data from this study; set 2 - all test data from current
study and existing literature; set 3 and 4 - test data of specimens with a yield strength lower
and greater than 700 MPa, respectively, from set 2.
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Table 4 Test results collected from existing literature

No. of W t do fy fu
Reference tests No (mm) (mm) (mm) (MPa) (MPa)
Kouhi and
Kortesmaa 5 Nil Nil Nil Nil 622 733
(1990) [48]
Udagawa
and Yamada 49 2-3  110-242 12.0 18 460-674  596-800
(1998) [14]
Aalberg
And Larsen 18 1 110 10.0 22-32 472-820  556-873
(1999) [9]
Puthli and
Fleisher 4 2 108-135 17.5 30 524 645

(2001) [11]

Moze

(2008) [7] 25 1-2 60-198 10.0 24-30 796-847  844-885
Feldmann

et al. (2016) 8 1 60-90 8.0 30 1060 1161
[12]

Wang et al.

(2017) [8] 6 1 41-58 10.0 26 677-1022 757-1064
Current study 22 2 47-92 5.0-6.0 13 743-930  794-1039
Total 137 1-3 41-242 5.0-175 13-32 460-1060 556-1161

Note: For specimens in Kouhi and Kortesmaa (1990), the values of net section area, ultimate
load and design resistance were extracted from Moze (2008); For specimens in Feldmann et
al. (2016), the corresponding values were extracted from the Figure of comparison between
experimental and theoretical resistance in the literature.
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