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Project Outline:
With the development of metallurgical technology and fabrication techniques, the use of high
strength steels (defined as normal yield strength fyn ˀ 460 MPa) is now commercially viable in
the steel industry. Compared with mild steels (MSs), HSSs have the advantages of cost
efficiency and high strength-to-weight ratio which are very suitable for the construction of
high-rise buildings and large-span structures. Moreover, the reduction of material consumption
and the associated cost of construction complies well with global sustainable development.
Hence, some design specifications of steel structures have recently been updated to include
HSS to promote its application such as S460~S700 (fyn = 460 MPa~700 MPa) in EN 1993-112. It should be noted that high performance steels of steel grades ranged from S690 to S960
have been newly invented in the past decade, and they have been widely adopted in
manufacturing engineering and shipbuilding industry. In order to promote effective use of high
performance steel materials – S690 to S960 in building construction, this project has been
carried out since August 2016 to explore the use of HSSs for structural steel members and
connections.
The design of structural steel members and connections requires the steel materials to have
sufficient ductility so that stresses can be redistributed when localised yielding of the materials
occurs. In particular, sufficient ductility is needed to avoid premature fracture of the material
at the connections and also allow the redistribution of stresses around the connected areas. The
inherent material properties such as relatively lower ultimate tensile strength/yield strength
ratio and toughness of HSSs may also need further examination to ensure a proper structural
behaviour of members and connections designed using HSS. As existing design guidelines for
steel connections were mainly based on the research of MSs, further research studies are
required to examine experimentally and theoretically the strength and behaviour of HSS
connections.
The present research aims to provide a deeper insight into the structural performance of HSS
bolted connections and to develop rational design methods on their effective use in construction.
The key research areas are presented as follows.
i) Investigation into the net-section strength of HSS bolted connections
This research project aims

x to perform experimental and numerical studies of the net-cross section strength of HSS
connections;
x to evaluate the applicability of the current net-cross section equations for HSS connections,
and
x to develop new design equations for the net-cross section strength of HSS connections, if
necessary.
The study of net section strength of HSS connections included two parts:
a) net section strength of bolted connections made of HSS plates, and
b) net section strength of bolted connections made of HSS angles.
Detailed geometrical configuration and dimensions are summarised in Fig. B1.1. The test
setup and corresponding FE models are shown in Fig. B1.2 and B1.3. Total 42 specimens,
including 33 connections made of steel plates and 9 connections made of steel angles and
gusset plates were designed to fail by net section fracture.
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(a) Geometrical configuration of specimens for part (1) study
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Fig. B1.1 Geometrical configuration of specimens
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(a) FE model of specimen B-15-30-N in part (1) study

(b) FE model of specimen A1-75L in part (2) study

Fig. B1.3 Typical FE models in Objective 1

ii) Investigation into the effects of bolt spacing and bolt stagger on the net section strength of
HSS connections

This research project aims
x to perform experimental and numerical studies of the effects of bolt spacing and bolt stagger on the
net section strength of HSS connections, and
x to propose new design equations, if necessary.

This section also includes two parts, i.e. the effect of bolt spacing and bolt stagger on the net
section strength of HSS bolted connections. The effects of bolt spacing parallel to the load
direction (p1) and bolt spacing perpendicular to the load direction (p2) on the net section
resistance of HSS connection with normal bolts were both studied in Objective 1 Section.
For the study of the effect of bolt stagger on the net section strength of HSS bolted connections,
total of 36 specimens were designed. Detailed geometrical configuration and the
corresponding FE model are shown in Fig.B1. 4 and 5.
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Fig.B1. 4 Geometrical configuration of specimens studied in Objective 2

Fig.B1. 5 Typical FE models in Objective 2

iii) Investigation into the block shear strength of HSS connections

This research project aims
x to perform experimental and numerical studies of the block shear strength of HSS
connections;
x to evaluate the applicability of current block shear design equations for HSS connections;
and
x to develop a new design method for predicting the block shear strength of HSS connections,
if necessary.
Total 13 angel specimens were designed to fail by block shear. Detailed geometrical
configuration is summarised in Fig.B1. 6. The test setup and corresponding FE models are
shown in Fig.B1. 7 and 8.
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Fig.B1. 6 Geometrical configuration of specimens studied in Objective 3

Fig.B1. 7 Test setup

Fig.B1. 8 Typical FE model of specimen B1S-Bt2-e1-p1 in
Objective 3

iv) Investigation into the use of connections with smart materials

This research project aims to
x enhance the comprehensiveness of the study of HSS connections by using connection with
smart materials.
x apply shape memory alloy (SMA) as a member of the smart material family with two
unique properties, i.e. super-elasticity effect and shape memory effects.
Hence, Shape memory alloy (SMA) is employed to combine with the use of connections. Total
four hybrid connections equipped with SMA bolts and washers were studied experimentally.
Detailed geometrical configuration and test setup are summarised in Fig.B1. 9 and 10,
respectively.

Fig.B1. 9 Geometrical configuration of specimens for part (1) study

Fig.B1. 10 Test setup for part (1) study

v) Investigation into the use of HSS in an energy-dissipation frame system

This research project aims
x

to study the applicability of HSS steel members and connections in an energydissipation frame system;

x
x

to study the seismic action under repeated near-fault earthquakes, and
to quantify the seismic energy factor of high strength steel moment resisting frame with
energy dissipation bays (HSSF-EDBs).

Hence, a series of numerical investigations into high strength steel moment resisting frames
equipped with energy dissipation bays (HSSF-EDBs) under repeated near-fault earthquakes
were carried out. The typical configuration of an HSSF-EDB system is shown in Fig.B1. 11.

Fig.B1. 11 Typical configuration of an HSSF-EDB system

Project progress / Achievement
i)

Investigation into the net-section strength of HSS bolted connections

Part (1) the HSS plates bolted connections
All the specimens failed by net section fracture. Based on the test results from this project and the
existing literature, the net section resistance model 1 of the bolted connections, presented as Anetfu
was statistically evaluated according to the EN 1990 Annex D. Total 88 test data were employed,
the diagrams of experimental resistances (re) versus theoretical resistances (rt) are plotted.
The significant results achieved are summarised as follows,
x

The connection efficiency, which is the ratio of the ultimate load Pu,test obtained from
tests to the net section resistance Pus, of each specimen is found to be larger than 1.0,
which means even though HSS has a lower ductility and fu/fy ratio compared to those
of NS, the stress in the critical net section of the connections still can reach the ultimate
tensile strength at failure for the HSS (S690 and S960) connections as illustrated in
this section.

x

The net section design resistance for HSS in EN 1993-1-1, as shown in Eq. (1), where
γM2=1.25, is safe. The partial factor needed is only 1.067 based on the analysis of this
study.
(1)

(a) A-15-24-N (S355)

(b) B-15-24-N (S690)

(c) C-15-24-N (S960)

Fig.B1. 12 Typical failure mode of the specimens

Fig.B1.13 Displacement-load curves of the main plates

Fig.B1.14 Statistical evaluation of resistance model 1
Part (2) the HSS angles bolted connections
Typical failure mode and the corresponding displacement-load curves of specimens are as
shown in Fig.B1.15 and 16, respectively. A modified design guideline was proposed based on
the results of the numerical study. The results of the FE analysis or the tests were both
compared with the classical rule and the modified equation.
The significant results achieved are summarised as follows,
x

An increase of out-of-plane eccentricity led to a substantial reduction of test efficiency;

x

The rule 1-x/L generally overestimated the ultimate tensile capacity of the bolted HSS

_

angle specimens connected by the short leg;
x

A modified design guideline was proposed based on the results of the numerical study.
Satisfactory agreements between the ultimate tensile capacity predicted by the
modified equations and the FE analyses results were achieved with a mean analysisto-predicted ratio of 1.03 and the corresponding CoV of 0.04.

For details, please refer to the following papers:
[1] X.M. Lin, M.C.H. Yam, K.F. Chung, A.C.C. Lam, Numerical investigation into net-section
resistances of high strength steel bolted connections, International Conference on Engineering
Research and Practice for Steel Construction 2018, Hong Kong, 2018.
[2] K. Ke, Y.H. Xiong, M.C.H. Yam, A.C.C. Lam, K.F. Chung, Shear lag effect on ultimate tensile
capacity of high strength steel angles, Journal of Constructional Steel Research 145 (2018) 300-314.
[3] X.M. Lin, M.C.H. Yam, K.F. Chung, A.C.C. Lam, Experimental study of net-section resistance of
high strength steel bolted connections. (in preparation)

Fig.B1. 15 Typical failure model of the test specimen and FE model

Fig.B1.16 Normalised load-elongation curves of all specimens

(a)
(b)
Fig.B1. 17 Comparison of test data or numerical data with design predictions: (a) equation
developed by Munse and Chesson and (b) the proposed modified equation

ii) Investigation into the effects of bolt spacing and bolt stagger on the net section strength
of HSS connections
Effects of bolt spacing
The effects of bolt spacing parallel to the load direction (p1) were studied numerically. The
load-extension curves of specimens with a different value of p1 are summarised in Fig.B1.18.
It was found that the effect of p1 on the performance of the HSS bolted connections was slight.
On the other hand, the effect of p2 on the net section strength of the HSS bolted connections
was investigated experimentally. The connection efficiency of connections with the same
width of the main plate and different p2 are summarised in Fig.B1. 19. It can be found that the
connection efficiency increases in general with an increase of p2/d0 from 2.0 to 4.4.

Fig.B1. 18 Load-extension curves of specimens for p1 effect study

Fig.B1. 19 Effect of p2 on the connection efficiency

Effects of bolt stagger
Total three specimens made of Q690 were designed to fail by net section fracture and
numerically studied to preliminary check whether the current design equation (based on the
s2/4g rule) for staggered-bolt connections is still applicable to the HSS bolted connections.
The typical failure mode is shown in Fig.B1. 20. For specimen SG-30-20, the predicted failure
mode is net section fracture through one bolt hole, while the failure mode of the FE model, as
shown in Fig.B1.20 (c), the specimen failed through a zig-zag path. The performance of HSS
connections with staggered bolts is needed further study. An experimental investigation is ongoing.

(a) Model SG-15-20

(b) Model SG-20-20

(c) Model SG-30-20

Fig.B1. 20 Typical failure mode of staggered-bolted connections

iii) Investigation into the block shear strength of HSS connections
Typical failure modes of specimens are shown in Fig.B1.21. The applied load versus elongation
curves of the test specimens are shown in Fig.B1.22. The test results are compared with the
calculated values according to the different design equations provided by various design codes
and proposed by other researchers, i.e. AISC-2016, Eurocode 3, CSA S16-14, Teh and Yazici,
and Topkaya.
The significant results achieved are summarised as follows,
x

x

Typical failure modes contained block shear failure, splitting failure and
unconventional failure. At the peak value of the applied load versus elongation curve,
fracture first occurred at the tensile plane. With further increase of member elongation,
fracture occurred in the shear plane with the applied load descended to zero.
Both AISC-2016 and Eurocode 3 give conservative predictions of the block shear
capacities of the test specimens, while design equations of CSA S16-14 and Topkaya
overestimate the block shear capacities. The design equation proposed by Teh and
Yazici provides good predictions of block shear capacities of HSS bolted angle of
Q690 steel.
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Fig.B1. 21 Typical failure modes of specimens

Fig.B1. 22 Applied load versus elongation curves of the test specimens

iv) Investigation into the use of connections with smart materials
Typical deformation modes and moment-drift responses of specimens are shown in Fig.B1. 23
and 24, respectively. Other test results, including energy loss per cycle, equivalent viscous
damping (EVD) and the self-centring ability of the connection are summarised in Fig.B1. 25.
The significant results achieved are summarised as follows:
x

x

The innovative connections exhibited the anticipated deformation mode during the
cyclic loading process. The rotation demand of the connection was provided by the gap
opening between the end-plate and the column face, which was accompanied by
elongation of the SMA bolts and concurrently compression of the SMA washers.
The innovative connections exhibited very good ductility which satisfies the criteria of
Ductility Class High (DCH) and Special Moment Frame (SMF) required by Eurocode
8 and AISC, respectively. The energy dissipation ability was found to be moderate with
a maximum EVD of approximately 13.5%.

For details, please refer to the following papers:
[1] C. Fang, M.C.H. Yam, T.-M. Chan, W. Wang, X. Yang, X. Lin, A study of hybrid self-centring
connections equipped with shape memory alloy washers and bolts, Engineering Structures 164
(2018) 155-168.
[2] M.C.H. Yam, X.M. Lin, C. Fang, T.M. Chan, Cyclic behaviour of an innovative extended endplate connection with shape memory alloys, The 2017 World Congress on Advances in Structural
Engineering and Mechanics (ASEM17), Ilsan (Seoul), Korea, 2017.

Fig.B1. 23 Typical deformation modes of specimens

Fig.B1. 24 Moment-drift responses of specimens

Fig.B1. 25 Summary of test results: (a) energy loss per cycle; (b) EVD and (c) selfcentring ability

v) Investigation into the use of HSS in an energy-dissipation frame system
Typical failure modes of the specimen are shown in Fig.B1. 26. The energy factor of the
trilinear system under repeated earthquakes is summarised in Fig.B1. 27.
The significant results achieved are summarised as follows,
x

The HSSF-EDB is sensitive to multiple seismic events and the current seismic design
philosophy may be inadequate.

x

The energy factor demand of the HSSF-EDB structure is more sensitive to multiple
seismic events when the structure progresses to the ultimate stage with significant
yielding in the HSS frame.

x

Increasing the deformation range of the damage-control stage where the HSS frame
stays essentially elastic is beneficial as the energy factor demand is less sensitive to
multiple seismic events.

For details, please refer to the following papers:
[1] K. Ke, H. ZHANG, M.C.H. Yam, M. Wang, Energy Factor of High Strength Steel Moment
Resisting Frames Equipped with Energy Dissipation Bays Under Multiple Near-Fault Earthquakes,
International Conference on Engineering Research and Practice for Steel Construction 2018, Hong
Kong, 2018.
[2] K. Ke, M.C.H. Yam, L. Deng, Q. Zhao, A modified DEB procedure for estimating seismic
demands of multi-mode-sensitive damage-control HSSF-EDBs, Journal of Constructional Steel
Research 150 (2018) 329-345.

Fig.B1. 26 Failure modes: (a) Specimen HSSRBS and (b) specimen HSSBH

Fig.B1. 27 Energy factor of the trilinear system under repeated earthquake

