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Sliding hinge joints (SHJs) used in beam-to-column connections of moment frames have a moment-rotational
behaviour that depends on asymmetric friction connection (AFC) sliding behaviour. The AFC is also applied to
column base connections and friction sliding braces. In the AFC, the slotted sliding plate is clamped between
one ideally fixed surface and one partially floating surface. In current practice, the AFC bolts are fully tensioned
at installation (i.e. yielded) to provide the clamping force. The AFC bolts are subjected to moment, shear, and
axial force (MVP) interaction during joint sliding that is expected to occur only in severe earthquake shaking.
The AFC bolt tension aswell as SHJ elastic strength are reduced after a few sliding cycles. In this paper, the reasons
for the AFC bolt tension loss are discussed, and solutions to prevent this bolt tension loss, including the optimum
use of Belleville springs (BeSs) and installing the bolts within the elastic range, are proposed. This paper analyt-
ically shows that these solutions can generate significantly improved retention of AFC bolt tension, improved AFC
sliding behaviour, higher displacement capacity to accommodate prying effects, and better AFC self-centering
characteristics. Examples of AFC bolt installation within elastic range and tension loss with and without BeSs
are provided. Similar models are developed for symmetric friction connections (SFCs) and compares differences
in behaviour.

© 2017 Elsevier Ltd. All rights reserved.
Keywords:
Sliding hinge joint
Friction sliding connection
Earthquake
Low damage
Belleville spring
Bolt tension loss
1. Introduction

Although capacity-designed strong-column weak-beam steel mo-
ment resisting frames (MRFs) have performedwell in past earthquakes,
with no reported collapses and loss of life related to these structural sys-
tems, their performance has not always been fully as expected in severe
earthquakes. Observed fractures at welded moment connections in the
1994 Northridge Earthquake [1] and the 1995 Kobe Earthquake [2]
showed weaknesses of the steel MRFs, where many traditional rigid
welded steel connections suffered unexpected fracture, mostly in the
beam bottom flange to column flange welds. These partial failures did
not lead to building collapse, and showed that the change in behaviour
from rigid connections to strong columnweak beam semi-rigid connec-
tions can, for the overall structural system, deliver satisfactory life safety
seismic performance.

The basic shortcoming of beam-to-column connections in steel
MRFs experienced in the 1994 Northridge and the 1995 Kobe Earth-
quakes [3] led to the development of methods to avoid weld failure in
hormozian),
nterbury.ac.nz (G.A. MacRae),
steel connections. These methods, such as the reduced beam section
and bolted flange plate connections [4] are still based on the capacity
design philosophy, where the plastic demand is confined to pre-
determined regions to provide safety and prevent collapse. However,
these systems are typically associated with plastic deformation in
the beams or joints, hence potentially impose large economic losses in
the post-disaster repair and downtime due to closure of the building
[5]. These economic issues have been underlined in recent severe
earthquakes such as the 1994 Northridge, 1995 Kobe, 2010/2011
Christchurch, and 2016 Kaikoura earthquakes. Consequently there is
now an increasing emphasis on developing and implementing low
damage seismic resisting systems, tomake the building operational rap-
idly or, ideally, immediately after a severe earthquake. Two examples of
such low damage systems are rotational slotted bolted connection
(RSBC) [6] using symmetric friction connections (SFCs), and Sliding
Hinge Joint connection (SHJ) [7] using Asymmetric Friction Connections
(AFCs). SFC and AFC are friction seismic energy dissipating components
of the RSBC and SHJ respectively.

Friction seismic energy dissipaters (dampers) have been researched
for several decades (e.g. [8–11]). The slotted bolted connection (SBC) is
a friction damper that dissipates energy through sliding between the
interfaces of clamped-by-bolt metal plates, providing a non-linear
inelastic behaviour. The sliding occurs at a predetermined sliding force
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Fig. 1. The symmetric friction connection (SFC) with slotted middle plate layout [41] (a) and slotted outer plates layout (b), and the SFC idealized force-displacement behaviour (c).
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related to the interfaces' coefficient of friction and the amount of
clamping force. The SBC can be either SFC or AFC. The SFC (Fig. 1)
consists of a middle plate (or outer plates) with slotted holes,
sandwiched by (or sandwiching) two shims and two outer plates
(or amiddle plate) with circular holes, all clamped by bolts. Researchers
(e.g. [12–16]) have experimentally researched the impact of different
shim materials, such as mild steel, high hardness steel, brass, brake
lining pad, stainless steel, aluminium, and rubber for SFC and/or AFC,
with various results.

Yang and Popov [6] proposed and experimentally tested the RSBC
which was a beam-column moment-resisting connection (Fig. 2) with
two equal-capacity SFCs at the beam top and bottom flange levels. The
SFC has also been experimentally researched to be used in other seismic
structural systems such as post-tensioned steel tendon beam–column
connections, steel braceswith andwithout post-tensioning, eccentrically
braced frames (EBFs)with rotational slotted bolted active link, and at the
base of rocking timber shear walls, all showing reliable behaviour under
seismic actions [17–26].

The AFC was originally proposed for the SHJ [27]. The SHJ is a low
damage alternative to traditional beam-column connections for seismic
MRSFs, and has been used in a number of multi-story buildings in New
Zealand. The SHJ allows large beam-column relative rotation through
Fig. 2. The rotational slotted bolted
sliding in two AFCs which are located at the beam web bottom bolt
and bottom flange levels, as shown in Fig. 3. The cleat has elongated
holes to allow sliding, with standard sized bolt holes in the other AFC
plies. The SHJ is ideally intended to: (i) be rigid under serviceability
limit state (SLS) conditions, (ii) become semi-rigid allowing beam-
column relative rotation to occur in ultimate limit state (ULS) and larger
earthquakes through AFCs sliding and, (iii) seize up and become rigid
again at the end of the earthquake. The AFC high strength friction grip
(HSFG) property class (PC) 8.8 bolts are currently fully tensioned in
practice at installation (i.e. yielded) with the part-turn method of ten-
sioning in accordance to the New Zealand Steel Structures Standard,
NZS 3404 [28]. The AFC has also been researched to be used at the
column base and brace [29–31].

Both AFC and SFC have been shown experimentally by researchers
to be degraded following a few cycles of sliding, meaning that the
clamping force is reduced as a result of the bolts tension loss (e.g. [5,6,
11,27,32–38]). This also has been shown numerically for the AFC
through thefinite element analysis [27,39]. Although a repeatable stable
sliding behaviour over many cycles is experimentally achievable, for
example, for the AFC, the aforesaid degradationmay affect the post slid-
ing behaviour of the connection and building, by lowering the threshold
of joint sliding in subsequent events or even in post-earthquake severe
connection (RSBC) layout [6].

Image of Fig. 1
Image of Fig. 2


Fig. 3. The sliding hinge joint (SHJ) views (a) front (b) beam cross sectional, (c) back, and (d) 3D.
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wind events. While these researchers generally reported improved
seismic behaviour for the experiments using Belleville springs (BeSs),
a conical washer type spring, and recommended using BeSs, for exam-
ple, to maintain the post-sliding strength of the AFC [5,27,32,33,38]
and/or SFC [6,11,34–36], there is not a conceptual detailed discussion
found in the literature about the effect of using BeSs on the AFC and
SFC seismic behaviour as well as the optimum procedure for using the
BeSs.

To explain and justify more in depth the results of the undertaken
experimental and numerical research in the field to date (e.g. [6,11,27,
32–39]) and to provide an essential base to the experimental and
numerical research on the optimum use of BeSs in friction sliding struc-
tural connections as well as the practical design and optimum use of
them, this paper seeks to provide analytical answers to the following
questions:

1. What are the AFC and SFC sliding behaviours and what are the AFC
and SFC post-sliding bolt tension loss reasons?
Fig. 4. (a) AFC in the bottom flange plate and (b) AF
2. How can the compound stiffness of the AFC and SFC components
i.e. the bolts, plies, and Belleville Springs (BeSs) be determined?

3. How can BeSs installed in the AFC and SFC bolt assemblage efficiently
compensate for most of the post-sliding bolt tension loss?

4. How can BeSs be installed to improve the AFC self-centering capabil-
ity and to prevent the AFC and SFC bolts plastic elongation due to the
potential prying actions?

5. What are the other potential benefits of using BeSs in the AFC and
SFC?

Finally a step-by-step design procedure for using BeSs in the AFC and
SFC is proposed.

2. Asymmetric and symmetric friction connection sliding behaviour
and bolt tension loss reasons

Fig. 4 (a) shows the typical layout of an AFC with three rows of bolts
at the SHJ beam bottom flange level. The AFC has two main sliding
C idealized force-displacement behaviour [41].

Image of Fig. 3
Image of Fig. 4
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interfaces. The first is the interface between the cleat and the upper
shim, and the second is the interface between the cleat and the lower
shim. Fig. 4 (b) shows the idealized force-displacement behaviour of
the AFC. The sliding of the system commences when the applied force
overcomes the frictional resistance of the first AFC sliding interface.
After a relatively short distance of sliding, the second interface also
starts to slide, pushing the AFC bolts into the double curvature state
named as stable sliding state. Upon load reversal, the same behaviour
is attained but in the opposite direction. This AFC behaviour is resulted
from the AFC having a partially floating cap, and provides the SHJ, or
any system incorporating the AFC, with a “pinched” hysteretic curve,
which is closer to a flag-shaped hysteresis curve, compared with the
square curve of a SFC assemblage and hence is desirable from the self-
centering point of view.

The SFC force-displacement behaviour is simpler than the AFC’s. The
twomain sliding interfaces of the SFC are between themiddle plate and
upper and lower shims (Fig. 1) or between the outer plates and upper
and lower shims as well as under the bolt head and nut, if the slotted
holes are in the outer plates.When the applied force overcomes the fric-
tional resistance of both SFC sliding interfaces, the sliding of the system
commences while the bolts are ideally, only under the tension for the
SFCwith slottedmiddle plate and under the tension, shear, and bending
moment for the SFCwith slotted outer plates. This provides the SFCwith
an idealized rectangular hysteretic curve (Fig. 1).

The AFC and SFC are subject to a post-sliding elastic strength
reduction due to bolt tension loss which may cause the AFC and SFC
to commence sliding at a less intense subsequent excitation. This is
because:

I. When the AFC (or the SFCwith outer slotted plates layout) starts
to slide, the bending moment induced tensile stress, the addi-
tional tensile stress in the bolt, and the shear stress combine
with the high bolt installed tensile stress to further plasticize
the bolt. As the fully tensioned bolt is expected to be yielded at
installation, it undergoes further local plastic action under a
small increase particularly in tensile stress over the part of its
cross section, where the bending induced stress is tensile. In
addition to the connections geometry, the coefficient of friction
as well as the clamping force are the influential parameters on
this MVP interaction according to the plastic theory based AFC
bolt model [40]. Given the “back and forth” nature of the earth-
quake resulted building response, this may affect a large part
of the bolt cross section, resulting in a post sliding AFC bolt
plastic elongation [27,39,41]. In a set of non-prying AFC sliding
experiments undertaken by Ramhormozian et al. [38] in which
the 3/4 inch imperial black bolts of property class 10.9 were
installed to a tensioned range of 30% to 60% of their proof load,
an average post-sliding AFC bolt plastic elongation (of total bolt
length) of about 0.04 mm is measured. Fig. 5 shows the AFC ide-
alized bolt deformation, external forces, and bending moment
distribution. It was shown numerically [27,39] through the finite
elementmodelling of a SHJ beambottom flange AFC bolt that the
MVP interaction has a significant effect on the bolt tension loss,
resulting in a stable sliding bolt tension of 55% and 60% of the
Fig. 5. AFC idealized bolt deformation, external forces, and bending moment distribution
[13].
installed bolt tension of the fully tensioned HSFG PC8.8 M24
andM30 bolts respectively, after two loading cycles. This numer-
ical study did not consider the prying actions and the AFC plies
post sliding thickness reduction, which are explained in parts II
and III below.

II. The cleat prying may potentially further plasticize the AFC bolts
during sliding by imposing a high extra tensile strain on the
bolt [5,32,41]. This is the case for the AFC and SFC bolts where
they may be subjected to prying forces depending on the system
boundary conditions, for example, for the AFC bolts at the beam
bottom flange level of the SHJ. This may be influenced by the
cleat and beam flange thickness, SHJ beam-column initial gap,
SHJ beam column relative rotation, level of the AFC bolts tension,
size of the AFC bolts, number of AFC bolt rows, and geometrical
characteristics of the connection.

III. Due to the clamping force generated by the AFC and SFC bolts,
localized bearing stresses can reduce the total thickness of the
AFC and SFC plates and shims per bolt during the time of sliding
and even over the time without sliding [36,38]. Yielding of the
microscopic high spots on the AFC sliding surfaces and changing
the locations of contact points “points at which two surfaces are
in contact” of the AFC and SFC sliding surfaces can occur. Fig. 6
shows surface roughness, waviness, and microscopic high spots
on a schematic sliding surface. Yielding of the high spots will
decrease the surface roughness while changing the locations of
contact points can face one surface waviness peak with another
surface waviness valley. Additionally it has been experimentally
shown that removal of material from solid sliding surfaces
(i.e. wearing) occurs for both AFC and SFC during sliding [6,16].
As a result, the AFC and SFC plies' thickness reduces following
a few cycles of sliding, hence the grip length being clamped by
the bolt shortens [32,38], causing a drop in the bolt tension.
Ramhormozian et al. [38] experimentally measured an average
post sliding reduction in the total ply thickness of 0.1 mm per
AFC bolt for a set of experiments in which the 3/4 inch diameter
imperial black bolts of property class 10.9 were installed to a
tensioned range of 30% to 60% of their proof load.

IV. AFC and SFC bolts can potentially rub against sides of the slotted
holes resulting in a shear force imposed on the bolts and reducing
their integrity. This may potentially occur, for example, for the
SHJ's AFC at beam web bottom bolt level or for the AFCs and
SFCs in the braces with long slotted holes and potential long
sliding travels not perfectly aligned with the slotted holes.

V. Similar to any other type of bolted connection, AFC and SFC bolts
may be susceptible to the tension loss due to the factors such as
short term and long term bolt relaxations, joint creep, and vibra-
tion induced bolt self-loosening.

Sections 3, 4, and 5 describe formulating the bolt, joint's plies, and
BeSs stiffness values which are required to model the AFC's and SFC's
pre- and post-sliding conditions that are described in Section 6.
Fig. 6. Surface roughness, waviness, and microscopic high spots on a schematic sliding
surface.

Image of Fig. 5
Image of Fig. 6
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3. Bolt longitudinal stiffness

The bolt longitudinal stiffness can be determined by considering the
bolt as a set of spring systems, namely the bolt's 1) head, 2) shank,
3) threaded portion between the shank and nut underneath, and
4) threaded portion engaged with the nut, along with the nut (Fig. 7).
These parts contribute in carrying the bolt pretension load when a
bolt is tightened.

3.1. Bolt shank longitudinal stiffness

Assuming the bolt is behaving in the elastic range and considering
theHooke's law, the bolt shank longitudinal stiffness,Ks, can be calculat-
ed by Eq. (1):

Ks ¼ F
ΔLs

¼ ∬σxxdAR L0s
0

σxx

E
dx

¼ σxxA0s

σ xx
L0s
E

¼ A0sE
L0s

ð1Þ

where F = axial tensile force applied on the bolt, equal to the connec-
tion plies clamping force per bolt; ΔLs = shank elongation due to
applied F; σxx = uniformly distributed tensile stress on the shank
cross section due to applied F; E= elastic modulus of the bolt material;
A0s = initial shank cross sectional area i.e. before applying the force
F; L0s = initial shank length. Eq. (1) is in agreement with the value
presented in [42].

3.2. Bolt threaded part longitudinal stiffness

Similarly, the longitudinal stiffness of the bolt threaded portion
between the shank and nut underneath, Kt, can be calculated by
Eq. (2):

Kt ¼ A0tE
L0t

ð2Þ

where A0t = initial bolt thread stress area; L0t = initial length of
the bolt threaded portion between the shank and nut underneath.
Eq. (2) is in agreement with the value presented in [42].
Fig. 7. Four parts of a bolt acting as a set of spring systems in carrying the bolt pretension
load.
3.3. Bolt engaged-with-the-nut threaded part, along with nut longitudinal
stiffness

Experiments have shown that to take the bolt engaged threads
elastic deformation into account, a length of 0.4D0s needs to be added
to the joint grip length in the bolt longitudinal stiffness calculations
[42,43], where D0s = initial bolt shank diameter. The values from
0.3D0s to 0.6D0s have also been suggested by different sources [42].
Bickford [44] suggests a value of 0.5D0s for this contribution. To deter-
mine analytically the longitudinal stiffness of the bolt threaded portion
which is in contact with the nut, it is necessary to determine the load
distribution along the bolt threads which are in contact with the nut
threads. This load distribution is not uniform, as the nut and threaded
portion both have elastic flexibility. Most of the applied load is carried
by the first three engaged threads, and the load distribution depends
upon a number of parameters including the form of threads, the thick-
ness of the walls supporting the threads at the threaded section, the
pitch of the threads, the number of engaged threads, and the boundary
conditions [45].

An analytical theory to predict the loaddistribution in bolt threads in
contactwith the nut threadswas suggested by Sopwith [46].Miller et al.
[47] developed a model for predicting this load distribution using sec-
ond order difference equations. Their model consisted of a set of elastic
elements “springs” to represent the main body, as well as threads of
the bolt and nut. They verified their theory by comparison with finite
element analysis results, as well as with previous experimental and
analytical investigations of threaded connections. Wang and Marshek
[48] developed a modified spring model similar to the model proposed
by Miller et al. [47] to predict the load distribution in the bolt threaded
portionwhich is in contact with the nut threads. They also took yielding
of the threads into account. They concluded that the lower number
threads always carry a higher load, and when these threads yield, the
next unyielded threads will carry a greater load as the bolt preload
increases.

Based on an example described in [48] for the steel bolt with
25.4 mm diameter and 8 engaged Whitworth threads, there is an
agreement between finite element, spring, photo-elastic, and Sopwith
analytical models of the bolt threaded portion in contact with the nut
threads to predict the load distribution over the bolt and nut engaged
threads, although the finite element model predicts a slightly higher
value for the load on the first thread. These results are for the case
named as compression case (or nut and bolt case), in which the bound-
ary conditions are the same as the AFC and SFC bolts assemblages. These
results predict the load applied on each one of the bolt threads engaged
with the nut threads.

By adopting the results of the comparison carried out by Miller et al.
[47] andWang andMarshek [48] between differentmodellingmethods,
this paper proposes the load distribution into the threads given in
Table 1. This table gives the predicted value of the applied force at
certain points of the bolt threaded portion engaged with the nut
threads, with a specific distance from the nut underneath. These values
are then used to discretize the integration presented in Eq. (3), and can
be used for any steel bolt size, nut thickness, and number of engaged
bolt threads with the nut threads, to estimate the load distribution
along the bolt engage-with-the-nut and nut threaded parts. This table
is based on the bolt being tensioned into the elastic range up to the
point that the most heavily loaded thread i.e. the lowest thread, starts
to yield. Fig. 8 schematically shows this load distribution.
Table 1
Load distribution along the steel bolt threaded part which is in contact with the nut
threads.

Load distribution
(% of bolt tension)

31 21.5 14.5 10.5 8 6 5 3.5 0

Distance from the nut underneath
(% of the nut height)

0 12.5 25 37.5 50 62.5 75 87.5 100

Image of Fig. 7


Fig. 8. Load distribution along the steel bolt threaded part which is in contact with the nut
threads, and the nut threads.

345S. Ramhormozian et al. / Journal of Constructional Steel Research 138 (2017) 340–356
Eq. (3) is used to calculate the elongation of the bolt threaded
portion which is in contact with the nut, (ΔLtnb), due to an arbitrary
bolt preload F.

ΔLtnb ¼
Z H0n

0

F xð Þ
A0tE

dx ≅
X8
i¼1

Fi xð Þ
A0tE

Δxi ¼ 0:125H0n

A0tE

X8
i¼1

Fi xð Þ

¼ 0:125H0n

A0tE
� F
100

� 0þ 3:5þ 8:5þ 14:5þ 22:5þ 33þ 47:5þ 69ð Þ

¼ 0:25H0n F
A0tE

ð3Þ

whereH0n=nut initial height i.e. before being compressed; F(x)= load
function representing the axial tensile load applied on the bolt engaged
threaded part's cross section, at the point with distance x from the nut
underneath.

The longitudinal stiffness of the bolt threaded portion which is in
contact with the nut is calculated by Eq. (4).

Ktnb ¼ F
ΔLtnb

¼ A0tE
0:25H0n

ð4Þ

Similarly, the nut stiffness, Ktnn, is calculated by Eq. (5).

Ktnn ¼ A0n=A0tð ÞKtnb ¼ A0nE
0:25H0n

ð5Þ

where A0n = nut initial cross sectional stress area.
The bolt threaded part and nut together can be considered as two

springs in series. As the bolt is tightened, a load equal to the bolt
preload is applied at the nut underneath, the bolt threaded part is
tensioned, and the nut is compressed, both based on the load distri-
bution shown in Fig. 8. The overall cumulative deflection is the
summation of these two deflections, as it is assumed that there is
no force transferred between the far end (unloaded face) of the nut
threaded portion and the bolt threaded portion, hence there is no
relative displacement. One can assume a dummy rigid bar at the
unloaded face of the nut to model this behaviour, as is shown sche-
matically in Fig. 7. Hence, the overall stiffness of the bolt threaded
portion engaged with the nut, along with the nut itself, Ktn, can be
calculated by Eq. (6).

Ktn ¼ 1
1

Ktnb
þ 1
Ktnn

¼ KtnbKtnn

Ktnb þ Ktnn
¼ A0nA0tE

0:25H0n A0n þ A0tð Þ ¼
A0n=A0tð ÞKtnb

1þ A0n=A0tð Þ

ð6Þ

3.4. Bolt head longitudinal stiffness

To take the bolt head elastic deformation into account, which is
conceptually similar to the elastic deformation of the bolt engaged-
with-the-nut threaded part and nut, VDI 2230 [43] suggests a length
of 0.4D0s be added to the joint grip length in the bolt longitudinal stiff-
ness calculations, where D0s = initial bolt shank diameter. Bickford
[44] suggests a value of 0.5D0s for this bolt head contribution. Alkatan
et al. [49] proposed an equation to calculate the length for the bolt
head contribution. This equation is related to the bolt geometry, bolt
and fastened plies materials, and the coefficient of friction between
the bolt head underneath and the fastened ply.

By adopting the equation proposed by Alkatan et al. [49], this paper
proposes Eq. (7) to calculate the bolt head longitudinal stiffness, Kh.
Eq. (7) considers the same elastic modulus for the bolt and joint plies
materials, standardized head height of 0.65D0s, and the coefficient of
friction of 0.2 for the bolt head underneath and the fastened ply, or
hardened washer, or BeS. This equation is based on an even contact
across the surface of the bolt head. If a BeS is used under the bolt
head, the contact area would move close to the shank resulting in a
potential inaccuracy in Eq. (7). However, the bolt head is generally the
stiffest part of the bolt, meaning that the other parts i.e. shank, threaded
part, and threaded portion engaged with the nut, along with the nut
itself, are more influential in the bolt's overall stiffness value. Addition-
ally, in presence of BeSs, the solution of the governing equations of the
AFC and SFC plies and bolt assemblage behaviour, are generally domi-
nated by the BeS system stiffness, hence this potential inaccuracy in
the bolt head stiffness value is insignificant and can be neglected.

Kh ¼ A0sE
0:3D0s

ð7Þ

3.5. Overall bolt longitudinal stiffness

Considering the bolt head, shank, threaded part between the shank
and nut underneath, threaded part engaged with the nut, along with
the nut itself as a set of springs in series, as is demonstrated in Fig. 7,
the bolt longitudinal stiffness is calculated by Eq. (8).

1
Kbolt

¼ 1
Kh

þ 1
Ks

þ 1
Kt

þ 1
Ktn

¼ 0:3D0s

A0sE
þ L0s
A0sE

þ L0t
A0tE

þ
1þ A0n=A0tð Þ

A0n=A0tð Þ 0:25H0n

A0tE

¼ 1
E

0:3D0s þ L0s
A0s

þ
L0t þ 1þ A0n=A0tð Þ

A0n=A0tð Þ 0:25H0n

A0t

0
BB@

1
CCA→yields Kbolt

¼ E

0:3D0s þ L0s
A0s

þ
L0t þ 1þ A0n=A0tð Þ

A0n=A0tð Þ 0:25H0n

A0t

0
BB@

1
CCA

ð8Þ

Defining the total effective length of the bolt shank, Les, and threaded

part, Let, as Les=0.3D0s+L0s and Let ¼ L0t þ 1þðA0n=A0t Þ
ðA0n=A0t Þ 0:25H0n respec-

tively, Eq. (8) then can be re written as Eq. (9).

Kbolt ¼
E

Les
A0s

þ Let
A0t

� � ð9Þ

Image of Fig. 8


Fig. 9. Joint plies acting as a set of springs in series: (a) with hardened washer, (b) with BeSs.

Fig. 10. The equivalent cylinder, QD0s, and qD0s in cylindrical Stress Field “Q factor”
approach.
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4. Joint stiffness

A bolted joint can be considered as a set of springs loaded in tension
and compression. The tightened bolt provides clamping force causing
the BeSs and/or plies to be compressed/shortened. Hardened (or
round) washer can be regarded as a ply with specific thickness and out-
side and inside diameters. The bolt preload is in equilibrium with the
plies clamping force. The BeSs and/or plies act as a set of springs in
series, as is shown in Fig. 9. Hence, the plies overall stiffness, Kj, can be
calculated by Eq. (10).

K j ¼
1

1
K1

þ 1
K2

þ 1
K3

þ…þ 1
Kn

¼ 1Pn
i¼1

1
Ki

ð10Þ

where n = number of the plies; Ki = ith ply stiffness in the axial
direction.

It has been shown using ultrasonic measuring [50] and FEA model-
ling [51] that the pressure in a bolted joint is greatest under the bolt
head/nut and reduces as the distance from the bolt interface increases.
The existence of joint surfaces and the joint surfaces finish quality are
amongst the factors that have large effects upon the interface pressure
distribution and as a result joint stiffness [50].

There are several methods found in the literature to calculate the
joint stiffness, such as Cylindrical Stress Field “Q factor”, Shigley's Frus-
tum, and finite element method (FEM) based approaches.

4.1. Cylindrical stress field “Q factor” approach

Shigley assumed that the barrel shaped stress field of the plies can
be approximated as a cylinder of diameter QD0s [52]. There are several
recommendations found in the literature to determine the value of Q.
For example, Q=3 was used by Pulling et al. [53]. Having the outer
and inner diameter of the cylinder i.e. QD0s and qiD0s, it will be possible
to determine the ith ply stiffness using Eq. (11). The qi is a coefficient
greater than or equal to 1 to consider the clearance between the clamped
material and the bolt. Fig. 10 shows the cylinder, QD0s, and qD0s.

Ki ¼
AiE
ti

ð11Þ

where Ai ¼ πD2
0sðQ2−q2i Þ

4 ; ti = ith ply thickness.
Hence, the plies axial stiffness can be calculated by substituting

Eq. (11) into Eq. (10), as is presented in Eq. (12).

K j ¼
EPn
i¼1

ti
Ai

¼ πED2
0s

4
Pn

i¼1
ti

Q2−q2i
� � ð12Þ
There are other attempts found in the literature aiming to increase
the accuracy of the Q factor approach [52], albeit by making the
approach more complex. It is worth noting that the AFC cleat and SFC
middle plate have slotted holes which make the whole connection
plies slightly less stiff than the case if the plies all had normal holes.
This difference in the plies stiffness is assumed to be negligible. Addi-
tionally, using BeSs can change the load distribution pattern in the
plies. However, the overall stiffness of the joint with BeSs is dominated
by the BeSs stiffness. Hence, any inaccuracy in calculating the joint plies
stiffnesswhen BeSs are used is insignificant, and is therefore considered
as for the case without BeSs.

4.2. Shigley's frustum approach

Shigley et al. [54] used an approach considering that the bolted plies
stress field shape looks like a frustum of a hollow cone. To apply this
approach, a dispersion angle is assumed for the stress distribution in
the plies i.e. α (see Fig. 11). By taking integration over the ply thickness
based on an arbitrary clamping force, F, each ply deflection and as a
result stiffness can be calculated. Considering a ply element of the thick-
ness dx, as shown in Fig. 11, the ply element deflection, dLp, due to the
clamping force, F, is calculated by Eq. (13).

dLp ¼ Fdx
EAe

ð13Þ

Image of Fig. 9
Image of Fig. 10


Fig. 11. The assumed stress field in the frustum approach.
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where Ae is the element area calculated by Eq. (14).

Ae ¼ π x tan α þ D
2

� �2

−
d
2

� �2
" #

¼ π x tanα þ Dþ d
2

� �
x tanα þ D−d

2

� �
ð14Þ

where D and d are shown in Fig. 11. By substituting Eq. (14) into
Eq. (13), and taking integration over the ply depth, the ply deflection,
ΔLp, under the clamping force, F, is calculated by Eq. (15).

ΔLp ¼ F
πE

Z ti

0

dx

π x tanα þ Dþ d
2

� �
x tanα þ D−d

2

� �

¼ F
πEd tan α

ln
2ti tan α þ D−dð Þ Dþ dð Þ
2ti tan α þ Dþ dð Þ D−dð Þ ð15Þ

The ith ply stiffness is calculated by Eq. (16).

Ki ¼
F

ΔLp
¼ πEd tanα

ln
2ti tanα þ D−dð Þ Dþ dð Þ
2ti tanα þ Dþ dð Þ D−dð Þ

� � ð16Þ

A dispersion angle α=45° has been used [54] and is also suggested
for the stiff bearing length by NZS3404 [28]. However, it has been
reported that this angle overestimates the joint clamping stiffness,
a range of 15°≤α≤33° is recommended for the most cases and α=30°

is recommended in general [54]. D is the outside diameter of the bolt
head, or nut, or hardened washer, or BeS, or is calculated for the
neighbouring ply stress distribution. Using BeSs can change the stress
distribution pattern, especially in the underneath ply onto which the
BeS is bearing, however the overall joint stiffness value is dominated
by the BeS stiffness and this change of the ply stress distribution, that
has an influence on the AFC and SFC plies stiffness, is negligible.

To apply the frustum approach, the mid-plane of the joint is located
to construct two equilateral triangles, one above and one below the
mid-plane of the joint. Each one of these regions' dimensions are used
to define the individual frustra stiffness, and subsequently the whole
joint plies stiffness. The joint overall stiffness, Kj, then is calculated by
Eq. (10).

For theAFC cleat and SFCmiddle plate, the integration of the Eq. (15)
can be calculated considering having the slotted hole instead of normal
circular hole, which will result in slightly lower joint plies stiffness.
However, this difference is negligible.

4.3. Other approaches

Wileman et al. [51] used finite element analysis to determine the
stiffness of two plies made of the same material. Their method was
then extended by other researchers to be applicable to two materials
and address more effects such as variable bolt head diameters [55,56].

The other possibility to calculate plies stiffness is conducting the
experimental tests to determine the load-deflection curve of the plies
under the compression in the laboratory by simulating the practical
conditions. The Fastener Engineering and Design Support manual [57]
states that a bolt is often about 1/3–1/5 as stiff as the joint that it is
being used in. This is a rough estimation and it is recommended instead
to calculate the AFC and SFC plies stiffness for research/design purposes
using one of the methods explained above.

5. Belleville spring(s) stiffness

Belleville springs (BeSs), known also as “disc springs, Belleville
washers, and conical compression washers” are truncated conical
annual washer-type elements invented by Julien Belleville in 1867
[58]. A heavy-duty BeS is usually made of high strength steel. A BeS is
characterised by four main geometrical variables including outside
and inside diameters, thickness, and maximum deflection. Fig. 12
shows the typical cross sectional layout of a BeS. A BeS compresses to
a flat disk under a defined level of force known as the flat load. A well
accepted analytical approach to correlate the BeS flat load to the mate-
rial and geometrical characteristics was proposed by Almen and Laszlo
[59]. A common application of BeSs is anywhere that a bolt pre-load is
needed to be maintained over the time, hence they come in a wide
range of rated strength and sizes and are usually similar in size to stan-
dardwashers, so can be used in conventional layout bolted connections.
When subjected to a bolt tension loss, for example, as a result of stress
relaxation, the BeS pushes out to compensate for part of the bolt tension
loss. This action is mathematically formulated in this paper.

A BeSwill be elastic up to full squash load and release, provided that
it is supplied pre-set. Pre-setting involves preloading the springs to the
flat position prior to their use, which is part of the manufacturing
process for most of the BeSs [60]. Not all BeSs are pre-set, however it
is recommended that any used for the AFC and SFC are pre-set so that
they operate elastically in service.

The ideal load-deflection curve of a BeS is linear [61]. Typically the
BeSs have a bilinear load-deflection curve which is linear up to 80–
90% (for higher load BeSs to be used, for example, in bolted joints) or
N95% (for thinner BeSs to be used, for example, in machine elements)
of the flat load, and after that point the load increases progressively
as the spring begins to bottom out (roll on) [62,63] (Fig. 13). This is
because the lever arm of the bending force acting on the BeSs' edge
from the underneath plate suddenly decreases slightly and requires
higher additional imposing force to further flatten the BeS, when it
reaches N80% of the flat load.

The loading andunloading curves of the BeSs are not exactly the same
i.e. there is a hysteresis curvewhich is resulting from the friction between
the spring edge and the underneath plate surface causing an amount of

Image of Fig. 11


Fig. 12. (a) Typical cross sectional layout of a Belleville spring (b) BeS acting as a spring.
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energy to be dissipated (Fig. 13). A smoother and rounder BeS edge may
cause less energy dissipation on a given underneath surface.

Assuming a linear behaviour for a BeS, two different values for
BeS stiffness associated with the loading and unloading can be defined
i.e. KBeS , loading and KBeS ,unloading. KBeS , loading may be considered in the
calculations associated with the installing and tightening the bolts as
well as when an un-flattened BeS is being squashed further in service
due to, for example, prying and/or AFC bolt additional axial force in
double curvature state. KBeS ,unloading may be considered in the calcula-
tions associated with the operation of the BeS in service when it pushes
out due to the bolt tension loss. However, these two stiffness values for a
single BeSwith well-rounded and smooth edge are often very close and
the small difference ismainly in an offset value due to the loss of energy.
Hence, it is recommended to define a unique value for a BeS stiffness
i.e. KBeS. If the BeS edge is not well-rounded and smooth, and/or if two
or more BeSs are used in parallel configuration, which is explained
below, the amount of the energy loss would be higher resulting in
more different behaviour in loading and unloading paths. In such case,
which is recommended to be avoided in practice, the loading and
unloading paths should be regarded separately for design purposes.

Part of the dissipated energy during squashing a BeS is the localized
plastic deformations of the underneath plate (roughness) due to the
contact pressure along the edge of the BeSs and the outer plies. A poten-
tial solution to minimize this effect may be using flat hardened washers
with large outside diameter between the BeSs and the connection's
outer ply.

To determine the BeS stiffness, one can fit the best straight line to
the load-deflection data points of BeS loading and unloading paths
that are often provided by the BeS manufacturer for each product.
The slope of these loading and unloading lines are often very close
and can either be a good estimation of the BeS stiffness, KBeS. The
other possibilities are taking an average of the slopes of the loading
and unloading lines or to fit a line on both loading and unloading
paths at the same time to represent the BeS stiffness. The latter is
Fig. 13. Bilinear hysteresis load-deflection graph of a BeS.
recommended. A preliminary estimation of the BeS stiffness may
be calculated by dividing the BeS flat load by its maximumdeflection.
This may not be necessarily always accurate specifically if the BeS
load-deflection curve is bi-linear.

BeSs can be assembled in various ways including series, parallel, and
series/parallel, as shown in Fig. 14. If n similar BeSs are used in parallel,
the flat load of the system will be n times the flat load of a BeS, and the
maximumdeflection of the BeSs system remains the same as for a single
BeS's, resulting in a stiffer system than one BeS. The reason is that the
force required to bend the edge of the paralleled BeSs will be n times
the force required to bend a single BeS edge, if the shear stress transfer
between the BeSs surfaces is ignored. Thus, the stiffness of such system,
KBeS ,P, can be calculated by Eq. (17). It is recommended not to use N4
springs in parallel unless considering an appropriate higher safety factor
to compensate for loss of energy due to friction between the springs
[64]. Additionally, if a single BeS can be used, as opposed to multiple
BeSs in parallel, the total material needed to achieve the target load
and deflection is less than multiple BeSs in parallel, hence is more cost
effective to use the single BeS.

KBeS;P ¼ KBeS þ KBeS þ…þ KBeS|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
n

¼ n� KBeS ð17Þ

If n similar BeSs are used in series, the flat load of the system re-
mains the same as a BeS's, and themaximumdeflection of the system
will be n times the maximum deflection of a BeS, resulting in a softer
system than one BeS. Thus, the stiffness of such system, KBeS ,S, can be
calculated by Eq. (18). To prevent in-service instability and lateral
movement, it is recommended to keep the number of BeSs in series
as small as possible [65].

KBeS;S ¼ 1
1

KBeS
þ 1
KBeS

þ…þ 1
KBeS|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

n

¼ 1
n

KBeS

¼ KBeS

n
ð18Þ

Fig. 15 shows the ideal linear load-deflection graphs of a single
BeS as well as two and three similar BeSs in series and parallel. If a
Fig. 14. Different configurations of BeSs.
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Fig. 15. Ideal linear load-deflection graph of single, series, and parallel BeSs.
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BeS load-deflection curve is bilinear due to rolling on, one can de-
fine two stiffness values for the BeS equal to slope values of the
two lines of either loading or unloading graphs, as is shown in
Fig. 13.

Ifm groups of stacked-in-parallel BeSs are stacked in series, where ni
is the number of BeSs in the ith group, the overall stiffness of the BeSs
system, Koverall,SP, until reaching the flat load of the weakest group(s),
can be calculated by Eq. (19), as from that point onwards, the
weak group(s) is flat and should be ignored for the BeS system stiffness
calculations.

Koverall;SP ¼ 1
1

n1KBeS
þ 1
n2KBeS

þ…þ 1
nmKBeS

¼ 1Pm
i¼1

1
niKBeS

¼ KBeSPm
i¼1

1
ni

ð19Þ

The overall stiffness of two different BeSs in parallel, if they can be
practically stacked in parallel, is the summation of two BeSs stiffness
values. However there are practical considerations in using two dif-
ferent BeSs in parallel.

The overall stiffness of two different BeSs, namely BeS1 and BeS2,
in series, is Koverall;s ¼ KBeS1�KBeS2

KBeS1þKBeS2
until reaching the weaker BeS flat

load, as from that point onwards, the weaker BeS is flat and the
BeSs system stiffness is equal to the stronger BeS stiffness. An exam-
ple of such application may be using one type of BeS at bolt head side
and the other type at the nut side of a bolted connection. It is recom-
mended to use only one type of BeS in practice to minimize the
probable construction errors.
Table 2
Calculation steps associated with the AFC and SFC bolt installation and post sliding tension los

Step Description

a) Calculating the stiffness of the plies Kplies (a1) and hardened washers Khardened washer

b) Calculating the overall stiffness of the plies and hardened washers Kj (b1) or overall
c) Calculating the post tightening elastic deformation of the plies and washers ΔLj or p
d) Calculating (A0n/A0t) ratio
e) Calculating the required length of the bolt threaded part between the shank and nu

f) Calculating the required turn of the nut without BeS(s) ∝nut or with BeS(s) ∝nut−BeS t
bolt tension, if all of the plies, hardened washers and/or BeSs, nut underneath, and
contact, with the bolt tension equal to zero

g) Calculating the bolt overall stiffness Kbolt

h) Calculating the post sliding plies stiffness Kplies−ps following the plies' thickness bei
i) Calculating the overall post-sliding stiffness of the joint, i.e. plies and hardened was
j) Forming two equations two unknowns for post sliding bolt elongation and joint com

perfectly-plastically stretched such that the initial length of the bolt (underneath of
increased by the amount of δb and the plies overall thickness is reduced by the amo

k) Calculating the post sliding bolt tension for the case without BeSs Tbolt−ps, and with
two variables i.e. δb and δp.
6. AFC or SFC bolt installation and post-sliding tension loss with and
without BeSs

This section presents two examples of the AFC or SFC plies and bolt
assemblage with and without BeSs, calculates a nut rotation required
to tighten the bolts in the elastic range at installation, and demonstrates
the BeSs ability in retaining the post-sliding bolt tension (or clamping
force) of the connection, when the bolt undergoes post sliding plastic
elongation and/or the plies undergo post sliding reduction in their
thickness and come back to the initial position following a few cycles
of sliding. To this end, the stiffness values of the connection's compo-
nents per bolt are first calculated. These components are the joint
plies, hardened washer(s) or BeS(s), and bolt. To calculate the bolt stiff-
ness value, the only unknown value would be the initial length of the
bolt contributing threaded portion between the shank and nut under-
neath, L0t, to clamp the joint by a given preload. This has a unique
value for a given bolt tension and is calculated using Eqs. 1, 2, 6, and 7
as well as considering the displacement compatibility (the bolt defor-
mation once the bolt is tightened must be compatible with the joint
plies' and hardened washer(s)’ or BeS' deformations). At this stage the
nut rotation to tighten the bolt is calculated considering the displace-
ment compatibility and the bolt thread's pitch. Then the stiffness values
of the connection's components are re-calculated, this time, considering
the bolt longitudinal plastic deformation, δb, and joint plies thickness re-
duction, δp, which are both variable. Finally, considering the connec-
tions' post-sliding displacement compatibility as well as force
equilibrium per bolt, the post sliding bolt tension, which is a function
of two variables (δb and δp), is derived. These calculations are performed
for each casewith andwithout BeSs and are shown in Table 2. This table
also presents the sources for each step of calculations. Fig. 16 schemat-
ically shows the proposed spring models of both cases.
6.1. AFC or SFC without BeSs

An AFC or SFC with a cap plate (or outer plate), shim, cleat (or
middle plate), shim, and beam bottom flange (or other outer plate) of
16, 5, 16, 5, and 16 mm thickness respectively is considered. The plies
are intended to be clamped by 100 mm long “excluding the bolt head
height” High Strength Friction Grip (HSFG) property class 8.8 (G8.8)
M20 bolt. The bolt is intended to be tightened up to 145kN, which is
approximately equivalent to the minimum HSFG G8.8 M20 bolt proof
load given in AS/NZS 1252 [66]. This is the peak point of the bolt elastic
behaviour range. The initial bolt shank length is 50.2 mmas the average
of the minimum and maximum values identified by AS/NZS 1252
[66]. According to NZS 3404 [28], A0t=245mm2 and the bolt pitch is
s with and without BeSs.

Source(s) for calculations

and/or BeS(s) KBeS (a2) Eq. (12) and Section 5
stiffness of the plies and BeS(s) Kj−BeS (b2) Eq. (10) and results from a)
lies Δ lplies Hooke's law and results from a) or b)

Bolt/nut geometry
t underneath L0t to clamp the plies Eqs. (1), (2), 6, and (7), and

displacement compatibility
o tension the bolt up to the elastic installed
bolt head underneath are perfectly in

Displacement compatibility and pitch of
the thread.

Eq. (9) and results from e)
ng reduced by the amount of δp Eq. (12)
hers Kj−ps or plies and BeS(s) Kj−ps−BeS Eq. (10), results from h), and Section 5
pression following the bolt being
the nut to underneath of the head) is
unt of δp

Force equilibrium and displacement
compatibility

BeSs Tbolt−ps−BeS. These are functions of Hooke's law and results from j)

Image of Fig. 15


Fig. 16. AFC and SFC joint plies and bolt assemblage spring model: (a) with hardened washers, (b) with BeSs.
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2.5 mm. The average values of the maximum and minimum of two
different outside nut diameters are shown in Fig. 17, in accordance
with AS/NZS 1252 [66]. As an average of the maximum and minimum
values identified by AS/NZS 1252 [66], H0n=20mm.

The steel elastic modulus is considered as E=205GPa as specified
by NZS 3404 [28], and the coefficients Q and qi are considered 3 and
1.1 respectively. The latter is to satisfy 2 mmhole size clearance recom-
mended in NZS 3404 [28]. Two 3.85 mm thick hardened washers with
outside and inside diameters of 41.2 mm and 22.3 mm respectively,
are used at the bolt head and nut sides (Fig. 17). These values are the
average of the maximum and minimum values identified by AS/NZS
1252:1996 [66] for the hardened (or round) washers for high strength
structural bolting. The following values then can be calculated according
to Table 2 for joint's pre and post sliding stages:

Step a1Þ Kplies ¼
π � 202 32−1:12

� �
� 205

4� 16þ 5þ 16þ 5þ 16ð Þ ¼ 8650kN=mm ð20Þ

Step a2Þ Khardened washer ¼
hardened washer area� Esteel
hardened washer thickness

¼
π 41:22−22:32
� �

� 205

4� 3:85
¼ 50265kN=mm

ð21Þ

Step b1Þ K j ¼ 8650� 50265=2ð Þ
50265=2ð Þ þ 8650

¼ 6435kN=mm ð22Þ

Step cÞ ΔL j ¼
145
6435

¼ 0:02mm ð23Þ
Fig. 17. Dimensions of the HSFG M20 nut
Step dÞ A0n

A0t
¼

π
4
� 38:3þ 33:5

2

� �2
 !

−245

245
¼ 3:13 ð24Þ

Step eÞ 145
314�205

50:2

0
B@

1
CAþ50:2

2
64

3
75

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
elongated shank length

þ 145
245� 205

L0t

0
BB@

1
CCAþ L0t

2
664

3
775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
length of elongated threaded part between the shank and nut underneath

þ 145
314� 205
0:3� 20|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

head deformation

þ 145
3:13� 245� 205

1þ 3:13ð Þ � 0:25� 20|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
deformation of the engaged bolt threaded part along with the nut

¼ 58þ 3:85� 2ð Þ−0:02 ¼ 65:7|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
compressed joint grip length

→
yields

L0t ¼ 15:2mm ð25Þ

Step fÞ ∝Nut ¼ 58þ 3:85� 2ð Þ−50:2−15:2
2:5

� 360 ¼ 30:2° ð26Þ

Step gÞ Kbolt ¼
205

0:3� 20ð Þ þ 50:2
314

þ
15:2þ 1þ 3:13

3:13
� 0:25� 20

� �
245

0
BB@

1
CCA

¼ 764kN=mm ð27Þ
(left) and hardened washer (right).
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Step hÞ Kplies−ps ¼
π � 202 32−1:12

� �
� 205

4� 58−δp
� � ¼ 501697

58−δp
� � kN=mm

ð28Þ

Step iÞ K j−ps ¼
501697
58−δp
� �� 50265=2ð Þ

50265=2ð Þ þ 501697
58−δp
� �

¼ 2:52� 1010

1003393ð Þ þ 50265� 58−δp
� �� �kN=mm ð29Þ

Step jÞ
2:52� 1010

1003393ð Þ þ 50265� 58−δp
� �� �� ΔLjoint

zfflfflffl}|fflfflffl{joint compression

¼ 764� ΔLbolt
zfflffl}|fflffl{bolt deformation

ΔLjoint þ ΔLbolt ¼ 65:7|ffl{zffl}
58þ 3:85�2ð Þ

− δp

0
B@

1
CA− 65:5|ffl{zffl}

50:2þ15:2

þ δb

0
@

1
A¼ 0:21− δb þ δp

� �

8>>>>>>><
>>>>>>>:

ð30Þ

Step kÞ Tbolt−ps

¼
1:93� 1013 � 0:21− δb þ δp

� �� �
1003393ð Þþ 50265� 58−δp

� �� �	 
�764
� �þ 2:52�1010

� � ; δb þ δp
� �

b 0:21mm

0; δb þ δp
� �

≥0:21mm

8>><
>>:

ð31Þ

6.2. AFC or SFC with BeSs

The AFC or SFC of the Section 6.1 example is intended to be clamped
by the same bolt but with two BeSs in series, one at head and the other
at nut side of the bolt, instead of the two hardened washers. Each BeS is
as thick as a hardened washer, i.e. 3.85 mm. The BeS flat load is 145 kN
with themaximum deflection of 1mm. The BeSs are assumed to be just
flattened after bolt tightening, hence there is no post tightening com-
pression considered along BeSs' thickness. The load deflection graph of
this BeS is linear, hence each BeS stiffness is KBeS=145kN/mm. Results
of the steps d), e), g) and h) are the same as the values calculated in
Section 6.1. The following values then can be calculated for this joint's
pre and post sliding stages:

Step a2Þ KBeS ¼ 145kN=mm ð32Þ

Step b2Þ K j−BeS ¼ 8650� 145
145þ 2� 8650ð Þ ¼ 71:9kN=mm ð33Þ

Step cÞ Δlplies ¼
145
8650

¼ 0:02mm ð34Þ
Fig. 18. Post-sliding AFC or SFC bolt tension vs: bolt longitudinal plastic deformation while ther
SFC plies while there is ideally no bolt longitudinal plastic deformation (right).
Step fÞ ∝nut−BeS ¼ 58þ 3:85þ 1ð Þ � 2ð Þ−65:5
2:5

� 360 ¼ 318° ð35Þ

Step iÞ K j−ps−BeS ¼
501697=2ð Þ
58−δp
� � � 145

145=2ð Þ þ 501697
58−δp
� �

¼ 72:7� 106

1003393ð Þ þ 145� 58−δp
� �� �kN=mm

ð36Þ

Step jÞ

72:7� 106

1003393ð Þ þ 145� 58−δp
� �� �� ΔLjoint ¼ 764� ΔLbolt

ΔLjoint þ ΔLbolt ¼ 67:7|ffl{zffl}
65:7þ2

−δp

0
@

1
A− 65:5þ δbð Þ ¼ 2:21− δb þ δp

� �
8>>>>><
>>>>>:

ð37Þ

Step kÞ Tbolt−ps−BeS

¼
5:56� 1010 2:21− δb þ δp

� �� �
72:7� 106
� �

þ 1003393ð Þþ 145� 58−δp
� �� �� ��764

	 
 ; δb þ δp
� �

b 2:21mm

0; δb þ δp
� �

≥2:21mm

8>><
>>:

ð38Þ

Figs. 18 and 19 show the post-sliding bolt tension for cases with and
without BeSs, Tbolt−ps and Tbolt−ps−BeS, versus the variable bolt perfectly
plastic longitudinal deformation and/or variable plies thickness reduc-
tion. Fig. 18 shows that the BeSs could maintain the post-sliding bolt
tension equal to 90% of the bolt installed tension, at the point at which
the same bolt tension loss factors cause the bolt to lose all of its preload
without BeSs. Ramhormozian, Clifton et al. [38] experimentally showed
that the average post sliding bolt tension loss for the AFC test samples
using ¾ inch imperial black bolts of property class 10.9 was about 62%
for the cases with the installed bolt tension of 50% to 60% of the bolt
proof load, while using two customized BeSs at head and nut sides of
the AFC bolts could retain an average of about 80% of the installed bolt
tension, suggesting the significant benefit of the BeSs in retaining the
bolt tension.

7. Using not flattened Belleville springs to minimize the prying
effects and to improve the AFC self-centering capability

The SHJ relative beam to column rotation can potentially apply addi-
tional tension to the beam bottom flange level AFC bolts, because of the
prying effects. These effects occur because the bottom flange cleat is
welded at one end to the column and therefore describes an arc as the
column rotates, while the other end of the cleat is bolted to the beam
e is ideally no thickness reduction of the plies (left), and thickness reduction of the AFC or

Image of Fig. 18


Fig. 19. Post-sliding bolt tension vs combination of AFC or SFC bolt longitudinal plastic deformation and plies thickness reduction without BeSs (left) and with BeSs (right).
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underside, which effectively remains horizontal. This will result in an
external potential overstretching force imposed on the bolted friction
connection. Prying effects can also occur in other applications of the
AFC and SFC, for example, in braces, column bases, and rocking shear
walls. Prying actions can change the faying forces on the sliding inter-
faces and increase the tensile load on the bolts. To demonstrate the con-
cept of prying effects on the AFC or SFC, the following approach is
presented including showing the benefit of using not flattened BeSs to
minimize this undesirable effect.

Consider two SHJ beam bottom flange level AFCs same as the
Section 6 examples' joints, this time, with the bolt installed tension
equal to 80% of the bolt proof load i.e. 0.8×145=116kN. L0t and Kbolt

for the cases without and with BeSs are calculated as 15.33 mm and
763kN/mm, and 15.73 mm and 759kN/mm respectively. The post-
tightening deformation of the cap plate, shim, and cleat are calculated
as ΔlCSC ¼ 116

π�202 ð32−1:12 Þ�205
4�ð16þ5þ16Þ

¼ 0:01mm. The prying induced joint expanding

actions on these AFCs can be simulated as the applied forces Fprying on
the interface of the cleat and the lower shim, and the outer face of the
beambottom flange, as is shown in Fig. 20. The displacement associated
with Fprying is denoted by δprying. Increasing Fprying initially causes δprying
to increase from zero toΔ lCSC. At this point, the faying force on the inter-
face of the cleat and the upper shim (upper faying force) is reduced to
zero while the bolt tension and the faying force on the interface of the
cleat and the lower shim (lower faying force) are slightly increased to
122 kN and 117 kN for the cases without BeSs or with flattened BeSs
Fig. 20. Prying action on the AFC without BeSs or with flat
and with not flattened BeSs respectively. From this point, by increasing
δprying, the bolt tension and the lower faying force increase elastically up
to the bolt proof load while the upper faying force remains zero. The
total faying force at each stage, which is directly related to the joint slid-
ing resistance, is the summation of upper and lower faying forces.

To calculate the variations of the bolt tension and faying forces due
to the varying prying actions, it is necessary to calculate the stiffness
of the parts of the AFC which contribute in carrying the prying loads.
These are bolt, cap plate, lower shim, and hardened washers (or BeSs)
for the cases without (or with) BeSs, all acting as a set of springs in
series. These stiffness values are denoted by Kjp and Kjp−BeS and are cal-
culated as 718 kN/mm and 66 kN/mm respectively. Fig. 21 shows
the variations of the joint forces per bolt including the bolt tension,
lower faying force, upper faying force, and total faying force under the
prying actions for the cases without BeSs or with flattened BeSs and
with not flattened BeSs. Note that if two BeSs as thick as the hardened
washers but with the flat load of less than the installed bolt tension
(i.e. 116 kN) are used in this joint, instead of the hardened washers,
the joint behaviour under prying actions is identical to that of with
hardened washers.

The threshold of δprying to ensure that the bolt is not plasticized is
0.04 mm and 0.44 mm for the cases without BeSs or with flattened
BeSs and with not flattened BeSs respectively, as is shown in
Fig. 21. In other words, in this example, the axial displacement capacity
of the joint with not flattened BeSs to accommodate the elastic prying
expansion is 11 times of that of the joint with flattened BeSs or without
tened BeSs (left) and with not flattened BeSs (right).

Image of Fig. 19
Image of Fig. 20


Fig. 21. Variations of the joint forces per bolt including the bolt tension, lower faying force, upper faying force, and total faying force under the prying actions for the cases without BeSs or
with flattened BeSs (left), and with not flattened BeSs (right).
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BeSs, and the variations of the joint forces are significantly less sensitive
to the prying actions with not flattened BeSs. This means that the joint
with not flattened BeSs can limit the prying bolt tension increase to
2.3% of the installed bolt tension (i.e. 119 kN), at the point at which
the same bolt reaches the proof load (i.e. 145 kN), by 25% prying bolt
tension increase with respect to the installed bolt tension, in the joint
without BeSs or with initially flattened BeSs. Thus the use of not
completely flattened BeSs is recommended to reduce the negative ef-
fects of the prying on the AFC and SFC sliding behaviour where they
are susceptible to these effects.

Moreover, the presence of the not fully compressed BeSs under both
bolt head and nut generate an elastic rotational springwhich allows the
bolt to develop the asymmetric friction sliding in part by rotating as a
partially rigid body with elastic end springs. This generates a couple in
the system per bolt, which are horizontal components of the bolt ten-
sion in stable sliding state, acting in the opposite direction of the sliding
direction, hence enhancing the self-centering capability of the AFC and
potentially the overall structural system and building. Fig. 22 shows
the self-centering components due to the bolt-body rotation attributed
to the use of not flattened BeSs. This effect has been observed at real
scale component level in the experiments of non-prying AFC test
setup [67] and SHJ beam bottom flange AFC test setup [37] undertaken
by Ramhormozian et al.
Fig. 22. The AFC bolt head and nut stable sliding support conditions for the cases without
BeSs or with flattened BeSs (left) and with not flattened BeSs providing the self-centering
components (right).
8. Other potential benefits of using Belleville springs in the
AFC and/or SFC

Belleville springs can distribute the bolt tension resulted clamping
force on the join plies over a wider area compared with hardened
washers particularly when they are used under the bolt head and nut,
hence are expected to decrease the post sliding wearing of the sliding
surfaces, conventionally localized around the holes. This effect was
observed in the AFC experiments without and with customized BeSs
undertaken by Ramhormozian, Clifton et al. [38]. This may also increase
thewhole joint frictional resistance for a given clamping force, resulting
from potential wider contact area on the sliding surfaces as is observed
in the experiments undertaken by Ramhormozian et al. [32].

Themoment and shear interaction in the AFC bolts tries to rotate the
bolt head and nut while the bolt is in double curvature state. The not
flattened BeSs under the nut and bolt headprovidemore rotational flex-
ibility to allow the bolt head and nut to rotate with expected potential
smaller internal actions generated in the bolt.

Using BeSs can significantly decrease the AFC and SFC bolt tension
change due to the nut rotation as is shown in the examples of Sections
6.1 and 6.2. This makes it potentially possible to reach a precise level
of the elastic bolt tension using an appropriate turn-of-nut based
method. This is being researched by the authors. Use of the BeSs can
also decrease the bolt tension drop of the formerly-tightened bolts of
each joint during installation. This effect was observed in a set of non-
prying AFC sliding experiments undertaken by Ramhormozian et al.
[38] using customized BeSs.

Using notflattened BeSs can decrease the bolt tension change during
sliding. These can be loss of the bolt tension due to the reasons which
are discussed in this paper, or transient increase in the bolt tension
during sliding when the sliding surface particles are removed from the
surfaces and potentially increase the bolt grip length, and/or when
two surface waviness peaks face each other, and/or when the increase
in temperature expands the plies hence increases the bolt grip length.
This provides thewhole jointwithmore stable behaviour as is observed
experimentally [37]. Ramhormozian et al. [32,38] experimentally mea-
sured the post sliding temperature change of the AFC bolts and cleat
for two sets of experiments on the SHJ beam bottom flange and non-
prying AFC test setups using HSFG PC8.8 M20 and 3/4 inch imperial
black bolts of property class 10.9 respectively, all installed within the
bolts elastic range, with reported insignificant temperature rise of not
N4° Centigrade. However, the temperature gradient during sliding
may be potentially significant specifically for the large bolt sizes with
very high clamping force.

Using BeSs can potentially decrease the in service AFC and SFC bolt
tension loss due to the factors such as relaxation, creep, and vibration
induced self-loosening based on the concepts discussed in the current

Image of Fig. 21
Image of Fig. 22
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paper. Vibration induced self-loosening is the nut-bolt relative rotation
which is well known to be more susceptible to occur for the lower bolt
tensions. Hence, by retaining the bolt tension through the use of BeSs,
the chance of the self-loosening is also decreased. Moreover, the
amount of the bolt tension drop due to a given potential bolt-nut
relative rotation during vibration is much lower for the case with BeSs
than that of the case without BeSs, as the bolt/BeS assemblage longitu-
dinal stiffness is much smaller than that of bolt/hardened washer
assemblage.

9. Proposed design procedure for using BeSs in the AFC and SFC

The following steps are recommended to be followed to use BeSs in
the AFC and/or SFC. It is recommended to use only two BeSs in series,
one under the bolt head and one under the nut, for any application of
the AFC and SFC.

I. Determining the required installed bolt tension Ti. This is strongly
recommended to bewithin the bolt elastic range, and not in post-
yield range, to decrease the initial post-tightening bolt tension
loss and joint creep [44], and to avoid yielding the bolt material
during joint sliding. This is critical for the AFC and SFC with slot-
ted outer plates layout as the bolt is under additional tension,
shear, and bendingmoment during stable sliding state. Addition-
ally, installing these bolts well in the elastic range will cause the
bolts to deform elastically, which is recoverable upon load
removal, hence is expected to improve the self-centering ability
of the system. The lower clamping force on the AFC and SFC
plies may also potentially reduce the localized bearing stress
and as a result post sliding thickness reduction of the AFC and
SFC plies. Note that the elastically tensioned bolt delivers smaller
clamping force compared with the conventional part-turn based
fully tensioned bolt, especially in the pre-sliding state of the
connection. This needs to be carefully taken into account in the
design of the connection, and if is required, larger number of
bolts and/or bigger size bolts and/or higher grade bolts may be
used in case of considering elastic installed bolt tension instead
of the conventional part-turn induced bolt tension. As it is
already mentioned, the use of BeSs may also potentially increase
the frictional resistance of the connection for a given clamping
force, compensating for the lower installed bolt tension. On the
other hand, very low levels of the installed bolt tension may
increase the susceptibility of the bolt to vibration induced self-
loosening, hence is recommended to be avoided. It is also recom-
mended to consider a safety factor for the installed bolt tension
to compensate for the initial bolt tension loss (within the first
ten seconds after the bolt is tightened), short term loss (within
the first twelve hours after the bolt is tightened) and long term
loss (asymptotical over the joint design life after the bolt is
tightened), and effect of tightening a group of bolts. The initial,
short term, and 20-year long term bolt tension loss, as the per-
centage of the initial bolt tension, is observed and extrapolated
as 2.9, 9.6, and 16.8 respectively for the bolts in absence of BeSs
[68]. Additionally, while tightening a group of bolts, tightening
the latter bolts may result in bolt tension loss of the former
bolts. The use of BeSs may significantly decrease these initial,
short term, long term, and group tightening bolt tension losses,
as can be justified by the same concept as that is shown in
Fig. 19, requiring much smaller safety factor.

II. Determining the geometrical limitations of the BeSs to be used.
These may include maximum possible OD to distribute the
clamping force as widely as possible, ID to provide appropriate
guide (i.e. bolt) for the BeSs and to satisfy hole size clearance
requirement, and overall height. Note that there is no need to
use any hardened washer under the rotating part of the bolt
(i.e. nut in most applications) in presence of the BeS, provided
the BeS hardness value is greater than or equal to that of the
conventional hardened washer. If is required, the BeS operating
temperature and surface finish can also be determined. The latter
is recommended tomatch the bolt finish, either natural finish, or
black oxide, or zinc phosphate.

III. Calculating the flat load of the BeSs. For any application of
the AFC and for the SFC which is prone to prying effects, this
is recommended to be βTi, and for the SFC which is not prone

to prying effects to be γTi where Max of
n

Bolt proof load
Ti

o
andf 1

0:8|{z}
to partially squash the BeS

� 1
0:8–0:9|fflfflfflfflffl{zfflfflfflfflffl}

to neglect the BeS post rolling on state flexibility
g≤β,
and Max of
n

Bolt proof load
Ti

o
and f 1

0:8–0:9g≤γ . This is to ensure

that the BeS is always not fully flattened before the bolt ten-
sion reaches to its proof load. However, this condition may be
relaxed to fit the practical constraints if there was any.

IV. Determining the maximum linear deflection of the BeSs. This
is the maximum BeS deflection until it starts to roll on. For any
application of the AFC and for the SFC which is prone to prying
effects, this is recommended to be at least (0.8–0.9)β in mm,
and for the SFC which is not prone to prying effects to be at
least (0.8–0.9)γ in mm. This ensures that, for any application
of the AFC and for the SFC which is prone to prying effects,
each BeS deflects at least by 1 mm from zero load until reaching
the installed bolt tension, and still having at least 0.25 mm of
capacity to deflect until reaching 80% to 90% of its flat load, and
for the SFCwhich is not prone to prying effects, eachBeS deforms
at least 1 mm at installation until reaching 80% to 90% of its flat
load.

V. Satisfying all the requirements of parts II, III, and IV, the optimum
BeS, with the aim of providing the maximum ability to compen-
sate for any potential bolt tension loss, is the onewith the highest

ratio of Maximum BeS linear deflection
BeS flat load . This ensures that the BeS to be

used, delivers themaximum possible deformation until reaching
the installed bolt tension. The optimum BeS can be either chosen
from the supplier's available stock or requested to be custom-
ized. If there is any specific application of the BeS, for example,
requiring larger post tightening capacity until reaching 80% to
90% of its flat load, the BeS needs to be designed to fit the specific
purpose.

Example: The intension is to design the BeSs for a SHJ beam bottom
flange level AFC HSFG property class 8.8 M20 zinc phosphate coated
bolts. The design bolt tension is considered as 90kN. Theminimum hor-
izontal distance between the plies holes' centres and from the plies'
holes centres to the plies' edge are 80 mm and 35 mm respectively.
The normal holes diameter is 22 mm. The heavy duty BeS load-
deflection curve is assumed to be linear up to 85% of its flat load.

Solution: I) Ti = 90kN, II) OD b minimum of {2 × 35 and 80} =
70 mm, ID = 22 mm to be compatible with the normal holes' size,
and overall height b 10 mm to allow enough construction clearance, and
the surface finish is recommended to be zinc phosphate, III) Max of {145/
90}and{1/(0.8 × 0.85)}=1.6 ≤ β, hence 1.6 × 90=144kN ≤ BeS flat load,
IV) 0.85×1.6=1.4mm ≤Maximum linear deflectionof BeS, V) Satisfying
all the requirements of parts II, III, and IV, the optimum BeS, to be chosen
from the available stock or customized, is the onewith the highest ratio of
Maximum BeS linear deflection

BeS flat load .

10. Conclusions

1) AFC and SFC are two types of SBCs. The AFC is an energy dissipating
component used in the SHJ and other types of seismic resisting sys-
tems. It develops a non-linear inelastic force-displacement curve
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during sliding. The AFC bolts are under MVP interaction during
stable sliding causing the conventionally fully tensioned AFC bolts
to plastically deform and lose part of their preload. This can also be
the case for the SFC with slotted outer plated layout. The AFC and
SFC bolts may be under the prying actions that may potentially
plastify the bolts and result in bolt tension loss. Moreover, in addi-
tion to potential initial, short term, and long term bolt tension loss,
the high clamping force generated by the bolts causes the post-
sliding wearing and thickness reduction of both AFC and SFC plies
resulting in the further bolt tension drop.

2) All AFC and SFC components i.e. plies, bolt assemblages, and BeSs act
as the springs with different values of the stiffness. The formulations
of calculating the stiffness value for each one of the AFC and SFC
components are proposed in this paper.

3) Installing the bolts in their elastic range decreases the probability of
the bolt tension loss by increasing the bolt capacity to accommodate
the elastic deformations, and potentially decreases the AFC and SFC
plies post-sliding thickness reduction probability. This may also im-
prove the AFC self-centering capability. However, the elastically
preloaded bolts deliver smaller pre-sliding clamping force compared
with the fully tensioned bolts based on the part-turn method of
tightening. This effect needs to be taken into account to design the
connection. It is shown analytically in this paper that BeSs can con-
siderably reduce the post-sliding AFC and SFC bolt tension loss.
Using BeSs considerably reduces the AFC and SFC bolts sensitivity
to the group tightening losses after installation, and to the seismic
bolt tension loss factors, in which the latter are more critical.
Hence, the post-sliding bolt tension variability of different bolts of
the AFC and SFC incorporating the BeSs would be less than the AFC
and SFC with no BeS. This provides the AFC and SFC with more con-
sistent and predictable seismic behaviour.

4) Installing the BeSs in not flattened state provides a degree of both
axial and rotational flexibilities under the bolts head and/or nut
causing to improve the AFC self-centering capability, and to reduce
the possibility of the AFC and SFC bolt to be plastically stretched
due to the prying actions. This is in comparison with the case with
no BeSs or with flattened BeSs.

5) Using BeSs can be potentially beneficial in reducing the post sliding
AFC and SFC plies wearing, reducing the AFC bolts stable sliding ad-
ditional internal actions, minimizing the AFC and SFC bolt tension
variationsduring bolt tightening and sliding, and reducing the in ser-
vice AFC and SFC bolt tension loss.

6) A design procedure for using BeSs in the AFC and SFC is proposed,
along with an example.
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