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ABSTRACT
In conventional design, structures are assumed to be fixed at the base. To reduce the
impact of earthquake loading and to provide an economically feasible structure, minor
damage is tolerated in the form of controlled plastic hinge development at predefined
locations in the structure. Uplift is avoided, because it is considered to be the first stage of
eventual collapse. However, observations of structural damage following major earthquakes
reveal that partial and temporary uplift of structures have proven beneficial in many cases.
Allowing a structure to move as a rigid body will limit seismic forces activated in the
structure that lead to serious inelastic deformations. To further reduce the induced seismic
energy, slip-friction connectors can be installed to act as hold-downs and as a significant
contributor to energy dissipation. This paper provides a review of recent research on the
concept, with a focus on timber shear walls. A novel approach is used to achieve the
desired sliding threshold in the connectors. The wall uplifts when this threshold is reached,
thereby imparting ductile behaviour to the structure. To resist base shear an innovative
shear key is developed. The experimental results confirm that the overall system, which
includes timber wall, shear key, and slip-friction connectors, can be a ductile and lowdamage structural solution. Numerical studies demonstrate how the connectors transform
the energy dissipation characteristics of otherwise low energy dissipating structures, and
the interaction between vertical load and slip-friction connector strength on energy
dissipation potential is explored.
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1. INTRODUCTION
Conventional earthquake resistant structures are designed with the assumption that the
structure is fixed at its base during an earthquake and that ductile behaviour that limits
activated forces on the structure, are achieved through inelastic deformation at certain
locations, or certain elements within the structure, with the remaining parts of the structure
designed to remain fully elastic. The problem with this approach is that while life safety is
generally assured, the structure is typically damaged to an irrecoverable degree. However,
recent years has seen increasing interest in the philosophy of damage avoidance. The
main principle behind this approach is to allow global non-linear behaviour and ductile
behaviour of a structure, but without material damage. One of the ways this can be
achieved is through allowing a structure to uplift and rock when a certain overturning
moment has been attained (see Fig. 1(a)). Another way is to implement passive energy
dissipation devices such as slip-friction connectors in a structure (see Fig. 1(b)), thereby
providing the desired ductility, and capping activated forces on the structure.

Fig. 1. (a) Free rocking block, (b) Slip-friction connector originally developed for use in
steel frames, and (c) the rocking block concept combined with slip-friction connectors.
This paper covers recent research on combining the benefits of these two quite dissimilar
approaches into one concept (see Fig. 1(c)), but with a particular focus on how timber
structures can benefit.

2. BACKGROUND
2.1 Wood shear walls
One common type of wood shear wall is of plywood sheathing nailed to framing. For
timber structures in general ductility is achieved through the ductile steel connections, and
in the case of timber shear walls ductile behaviour is specifically achieved through the

deformation of the nail connections (Buchanan 2007). Because this deformation invariably
involves brittle damage to the wood through which a laterally deforming nail passes, the
behaviour of the connections is highly ‘pinched’, and it is widely observed and accepted
that the behaviour of sheathing to framing shear walls is governed mainly by the behaviour
of the nail connections (Foliente 1995). Loo et al. (2012a) presented a way of modelling
the nail behaviour (Fig. 2(a)) using simple elements readily available in most finite element
packages. These nails were implemented in model walls, and Fig. 2(b) shows how the
behaviour of a single nail connection is reflected in the overall behaviour of the wall, while
Fig. 2(c) shows the force time history of the wall under cyclic loading.

Fig. 2. Numerically obtained results for sheathing to framing wood walls: (a) Hysteretic
behaviour of single nail connection, (b) hysteretic behaviour of a model wall incorporating
the nail connections, and (c) force time history of the wall
Because of the highly pinched nature of the hysteresis loops, energy dissipation potential
can be considered to be only moderately efficient. Usually the ultimate strength, Fult, is
around twice the yield strength, Fy. The ductility, μ, is rather arbitrarily calculated, with the
failure displacement, δfail, divided by the yield displacement, δy, where failure is that point
where the force has declined to 80% of the value of peak strength (see Fig. 2(b)) (Loo et al.
2012b).
In recent years walls of solid engineered lumber panels have seen increasing use. These
are typically of laminated veneer lumber (LVL) or cross laminated timber (CLT). The
panels in themselves have tremendous strength and stiffness, and ductility is achieved
through allowing deformation of the steel angle brackets used for the shear key and holddown connectors, and the nails and screws attaching them to the wall panels (Shen et al.
2013). Thus similar to the case for sheathing-to-framing walls, the hysteretic behaviour is

highly pinched (Popovski and Karacabeyli 2012), and energy dissipation is similarly not
efficient. Earthquake induced damage is likewise permanent.
From the above discussion, it is apparent that timber walls have the potential for improved
behaviour in terms of the following:
 Energy dissipation.
 Avoidance of material and connection damage through reliably capping activated
seismic forces below a desired level.
 Re-centring capability.
 Reduction in over-strength requirement in capacity design i.e. members are
currently designed to remain elastic for actions associated with twice the yield level
of the structure.
Structural movability and the use of supplemental energy dissipation are possible ways of
improving performance and it is these concepts that are addressed in this paper.
2.2 Structural moveablility
Movability refers to that part of the displacement of a structure that is not due to
deformations caused by stresses and their corresponding strains within a structure. In civil
structures this typically refers to uplift and/or rocking caused by the overturning moment
just exceeding the resisting moment. For freely rocking blocks the resisting moment is
provided by gravity. Housner (1963) investigated the free oscillations of rocking blocks that
were similar in geometry but different in size, and showed that there was a surprising scale
effect in which the larger blocks demonstrated greater stability than the smaller blocks.
Makris and Konstantinidis (2002) compared the rocking response of slender rigid blocks
with the vibration of SDOF oscillators and concluded that the dynamics of rocking
structures, particularly those of smaller, less slender blocks, were not analogous to that of
some SDOF substitute structure. ElGawady et al. (2010) carried out experimental work on
rigid rocking blocks with different materials at the interface, where impact occurs between
the wall and its supporting foundation. It was found that rubber provided the most efficient
dissipation of energy, followed by concrete and timber. Acikgoz and DeJong (2012)
extended the understanding of rocking structures by including the elastic oscillations of the
structure itself (theretofore considered to be entirely rigid). Qin et al. (2013), has
demonstrated the influence of the nonlinear behaviour of the soils under a rotating
foundation, and how this can reduce the ductility demand on the structure itself. Kelly
(2009) proposed a tentative design procedure for rocking multi-storey structures in which a
substitute structure approach was taken. The maximum displacements found from this
approach aligned closely with the displacements obtained from sophisticated nonlinear
analyses.
While structural movability through free rocking can be used to effectively limit the
activated seismic forces on a structure, damping can only occur when the base of the
structure impacts its foundation. Another drawback with free rocking is the designer is

limited to levels of overturning resistance that are gravity determined only. To address
these, and other issues, researchers at the University of Canterbury have developed an
approach where overturning restraint is provided mainly by post-tensioned cables running
internal to and up the height of a pair of coupled LVL shear walls. Instead of simply relying
on radiation damping (that is damping from impact between structure and foundation),
energy dissipation is achieved largely through the provision of small U-shaped flexural
plates between adjacent walls. Devereux et al. (2011) describes the first implementation of
this particular type of damage avoidance structure, in the three storey NMIT Arts and
Media Building in Nelson, New Zealand. Twidgen et al. (2012) has further investigated the
use of post-tensioning, but in rocking precast concrete walls - however this work is still in
the early experimental stage.
2.3 Passive energy dissipation
Passive energy dissipaters as opposed to active or semi-active dissipaters require little
if any long term inspection maintenance, do not require an external power supply, do not
require a continuous energy source, and are simple and economical to fabricate
(Butterworth 2000). The most common type of passive energy dissipation device is the
slip-friction connector (also known as the slotted-bolt connector). Popov et al. (1995)
conducted a suite of tests on connectors in symmetric sliding, in which the load on the
centre plate is resisted equally by the two external plates. It was found that while mild-steel
sliding against mild-steel produced erratic and uneven sliding behaviour, including a thin
brass shim between the sliding surfaces improved behaviour significantly. Clifton et al.
(2007) adopted an asymmetric connector (where external load is applied to the centre
plate and only one of the external plates) for use in steel-moment frames, and Khoo et al.
(2012) further advanced the concept, replacing the expensive and difficult to procure brass
shims with shims of abrasion resistant steel. Clifton and Khoo’s concept has seen
implementation in steel buildings in New Zealand. For symmetric connectors, Loo et al.
(2014a) tested connectors with no shims at all, in which the centre plate was that of
abrasion resistant steel (Bisalloy 400) and the external plates were of mild steel, with the
centre plate sliding directly against the external plates (see Fig. 3). The results were highly
elasto-plastic square shaped loops - with the configuration not only simpler than that of
Popov et al. (1995), given that shims are not required, but with the added advantage of
avoiding galvanic corrosion between materials that are significantly different in terms of
their metallurgy.

Fig. 3. Symmetric slip-friction connector as designed and fabricated by Loo et al. (2014a),
with centre plate of abrasion resistant Bisalloy 400, and external plates of grade 350 mild
steel. Belleville washers are used to achieve and maintain preload in the bolts.

2.4 Combining structural movability with energy dissipating friction devices
In order to improve the behaviour of a rocking structure, Loo et al. (2012b) proposed the
use of symmetric slip-friction connectors as hold-downs for upliftable timber walls. Uplift
and rocking occurs when the friction generated force threshold, F slip, in the connectors is
overcome, and through moment equilibrium the maximum activated base shear (or racking
force) on a single wall panel is capped. Loo et al. (2012b) carried out a numerical
investigation on flexible timber shear walls with slip-friction connectors. Nail connections
were modelled from plastic multi-linear links, using the methodology described in that
article. The hysteretic behaviour typical of nail connections was modelled using a pivot
type hysteretic model available in SAP2000, with parameters adjusted to provide the
required pinching characteristics. Numerical simulations were first carried out on a model
wall with rigid hold down connectors, using an ISO97 quasi-static displacement time
history schedule. The numerical hysteretic behaviour was found to accurately simulate the
behaviour of the wall’s actual equivalent, with the pinched behaviour of the nail
connections being reflected in similarly shaped hysteretic loops for the wall (see Figs. 2(a)
and 2(b)). The modelling of a slip-friction connector using an assemblage of multi-linear
plastic, hook, and gap elements is then described. The model slip-friction connectors were
implemented as hold-down connectors, replacing the traditionally used rigid connectors.
An ISO97 quasi-static displacement schedule was again applied to these walls, and the
hysteretic loops were transformed from the highly pinched, to a shape very close to the
elasto-plastic ideal. The degree of elasto-plasticity was a function of the slot-length
provided for sliding within the slip-friction connector – thus the level of ductility able to be
achieved was essentially unlimited, bounded only by the amount of slip that a designer
would choose to allow. Further the ductile behaviour was achieved with negligible damage
to the wall members and the sheathing to framing nail connections (compare with that of
the wall with rigid traditional connectors, where ductility is essentially a function of nail
inelastic deformability). With slip-friction connectors, energy dissipation was improved
dramatically – under the same displacement time history, the wall with ductility of µ = 6
dissipated almost 1.7 times the energy of the same wall with traditional connectors. Walls
designed for intermediate (Type C) soil conditions in Hamilton NZ, were then modelled.
Earthquake records were scaled to match the ULS and MCE spectrums for this location
and soil type. As expected the walls with slip-friction connectors suffered little, if any
damage, even under MCE scaled simulations, and drifts were generally within code
mandated limits. Most importantly, the residual drifts were in general exceedingly low,
even under just self-weight as the restoring mechanism – obviously this attests to the selfcentring capability of the system.
In order to verify some of the promising results of the numerical study, a 2.44 m by 2.44 m
experimental wall was fabricated and fitted with slip-friction connectors. The following
discussion describes the concept of the proposed low-damage and ductile solution. The
experiments sketched in Fig. 4 are reported in detail by Loo et al. (2014b), and the reader
is referred to that article for a comprehensive account of the experiments. The 2.44 m x
2.44 m wall was fabricated from two panels, each 1.22 m wide by 2.44 m high. Screws

were used to join the panels, and the result was a single wall unit that was essentially rigid
in nature. Slip-friction connectors were attached to the wall with riveted connections (see
Fig. 4(a)). The rivets provide a rigid connection and have a very high strength to connected
area ratio. The design procedure adopted was that invented by Zarnani and Quenneville
(2014a, 2014b).

Fig. 4. (a) Slip-friction connector riveted to wall, (b) adjusting preload in the bolts, (c) forces
and mobilised reactions on wall, and (c) shear key.
In order to set the required slip-threshold, a novel technique was used, in which the
preload in the bolts was varied, and this was done through varying the height of a stack of
Belleville washers, and measuring this height with a depth micrometre (see Fig. 4(b)). The
slip-threshold is a function of the tension in the bolts, T b:

Fslip  ns nbTb 

(1)

where ns is the number of faying surfaces (two in this case), n b the number of bolts (also
two), and μ the coefficient of friction (around 0.4 according to Loo et al. 2014a). An
expression was derived for the required height of the stack as a function of the required
bolt tension, Tb:

hTb  n parallel t   flat  nseries 
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nseries flat
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where nparallel is the number of washers in parallel, nseries the number in series, t the
thickness of a single washer, Pflat the force required to deflect a single washer to the flat
position, and δflat the distance to the flat position of a washer. Accuracy in setting the
preload in the tension bolts will naturally mean that any difference between the strengths
of the two connectors at opposite ends of the wall is minimized. This is important because
Loo et al. (2014b) demonstrates that only where the difference in strength between the two
connectors is less than the total gravity loading on the wall will the wall be capable of
descending at one end, while uplifting at the other – a capability without which re-centring
would not be possible:
n
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(3)

To resist base shear, a shear key consisting of two solid steel rods 25 mm in diameter
inserted through holes near the base of the wall and placed in direct bearing against a pair
of upright steel plates (on both sides of the wall), with the slope of the contact surface set
at a slight angle from the vertical in order to facilitate sliding, was fabricated (see Fig. 4(d)).
In order to account for the friction between the shear pin and the shear plate, and its
contribution to overturning resistance, and hence wall strength, P, the following
expressions (refer Fig. 4(c) for variable definitions) were derived. For moment resistance:
M r  Fslip B 
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The racking force to initiate overturning:
P

Fslip B 

Wself B

n

 Wi li

2
H  K mrp

i 1

(5)

Kmrp encapsulates the influence of the shear key, and is a function of its geometry and the
coefficient of friction between the shear pin and shear plate:





K mrp  (h 2  b 2 ) 1 / 2 cos   cos(  tan 1 (h / b))  sin(   tan 1 (h / b))

(6)

The results from a series of experimental tests largely agreed with the racking force
prediction from Eq. 5, and for 25 tests, with the connectors enduring more than 14 m of

cumulative travel, and with racking strengths ranging from around 5 kN to 60 kN, excellent
elasto-plastic behaviour was observed (see Fig. 5(a)). No visible damage to the wall was
observed. The wall readily descended at one end while uplifting at the other (see Fig. 5(b)),
thereby confirming that the difference between slip-friction connector strengths was less
than the self-weight of the wall (around 2.8 kN), and this attested to the precision and
accuracy of the depth gauge method used to set bolt preload.

Fig. 5. Typical wall response to quasi-static hysteretic loading (a) hysteretic behaviour of
wall, (b) vertical displacement at wall corner showing uplift at one end mobilises descent at
the other.
Comparing the hysteretic response of Fig. 5(a) (for a wall with slip-friction connectors) with
that of Fig. 2(b) (wall with traditional rigid connectors), it is clear that combining movability
with passive energy dissipation devices has the following advantages:







Through adjusting the preload in the bolts, the mobilisation of friction can be
varied and in turn the activated base shear capped below a certain level.
Because the behaviour of the wall is governed by the behaviour of the holddown connectors, the overall behaviour is close to the elasto-plastic ideal.
As long as the components of the wall are designed to remain elastic for loads
up to the maximum activated base shear, damage will be avoided.
Because the yield strength of the wall is governed by the sliding threshold in the
connectors, and this threshold is predictable, the amount of over-strength to be
adopted in the capacity design of the elastic components is expected to be
much smaller than the currently used value of around two (for walls with
traditional connectors Fult is around twice Fy) .
With minimal gravity loading, there is the potential for excellent re-centring
behaviour, provided the slip-force in the connectors can be set to levels close to
each other.

The following section discusses some results from a numerical study on the influence of
vertical load and slip-friction connector strength on the energy dissipation capability of a
wall system.
3. ENERGY DISSIPATION – INFLUENCE OF GRAVITY VS. SLIP-FORCE
3.1 Numerical model and test matrix
In order to explore the energy dissipation characteristics of walls with slip-friction
connectors, a 2.44 x 2.44 m sheathing to framing shear wall was numerically modelled in
SAP2000 (2009), in the manner described by Loo et al. (2012a and 2012b). For the
framing studs, 38 mm x 89 mm Spruce Pine Fir with an MOE of 9500 MPa and density of
420 kg/m3 were used. Studs were spaced at 406 mm. The top and bottom beams were
represented using steel members. One nail element was used to represent the behaviour
of four actual nails each with an individual yield strength of 750 N. The model wall is
shown in Fig. 6(a), and the cyclic load protocol applied to the wall is shown in Fig. 6(b).

Fig. 6. Numerical wall model. (a) Exploded view and (b) displacement schedule.
The maximum horizontal displacement applied to the top corner of the wall was 125 mm.
The wall was designed with a yield strength of 13.1 kN, and therefore an ultimate strength
of twice this value of 26.2 kN. Slip-friction connectors were modelled using gap, hook, and
multilinear-plastic elements, as described by Loo et al. (2012b). The slot length was set to
allow a maximum upward displacement of 70 mm. This was less than the maximum uplift
of 125 mm, and was done in order to allow for an adequate demonstration of the benefits
of implementing slip-friction connectors, while at the same time allowing the reader to view
the effect on the wall when sliding in the connectors is prevented because of the bolts of
the connector impacting the slot ends.

The first wall test was carried out with traditional, rigid hold-down connectors. All remaining
tests were carried out with slip-friction connectors implemented as hold-downs. A
combination of slip-friction connector strength and vertical load, W total, (including selfweight) provided the moment resistance, Mr. Mr was set so the maximum activated racking
force, P, on the wall was equal to the yield strength Fy. From moment equilibrium:

M r  Fy H  Fs lip B  Wtotal

B
2

(7)

where B is the wall width and H the wall height. The relative contribution of Fslip and W total
to Mr was varied to confirm the effects of an increasing vertical load contribution to both
energy dissipation and re-centring. The ratio Rmw reflects the contribution of gravity to the
total moment resistance, Mr. Note that the total moment resistance, Mr, was the same for
all cases (31.5 kNm) for tests 2 to 10. The test matrix is shown in Table 1.

Test

Connector
type
Traditional
rigid
Slip-friction
“
“
“
“
“
“
“
“

Table 1. Test matrix
Fslip
Msf
Wtotal
(kN)
(kNm)
(kN)

1
2
13.12
31.48
3
11.80
28.33
4
10.49
25.18
5
9.18
22.03
6
7.87
18.89
7
6.56
15.74
8
5.25
12.59
9
3.93
9.44
10
2.62
6.30
Notes:
Mr = FyH = 13.12 kN x 2.4 m = 31.5 kNm
Msf = Fslip x 2.4 m
Mw = Wtotal x 1.2 m

0.00
2.62
5.25
7.87
10.49
13.12
15.74
18.36
20.98

Mw
(kNm)

Rmw=Mw/Mr

0.00
3.15
6.30
9.44
12.59
15.74
18.89
22.03
25.18

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80

3.2 Results
The force-displacement results for tests 1 to 10 are shown in Fig. 7.

Fig. 7. Hysteretic behaviour showing influence of gravity as proportion of moment
resistance

The slip-friction connector and rocking mechanism protect the structure from excessive
impact of the loading. The combined effects of slip-friction connector and gravity are
immediately apparent, with forces up to a positive and negative displacement of 70 mm,
capped to just below the yield strength of the wall. At 70 mm, the slot length is used up,
and the preloaded bolts (in an actual connector) would impact the slot end. The wall then
follows the force-displacement trajectory it would have continued along, but for the
presence of the slip-friction connectors, and incurs inelastic damage. From Fig. 7 it is
observed that with the increasing influence of gravity, the force displacement takes on an
increasingly apparent flag-shaped effect. Flag shaped hysteretic behaviour is indicative of
good re-centring potential. However, with the increasing dominance of gravity and
reduction of shear connector slip-force, Fslip, the energy dissipation ability of the wall
system diminishes. Fig. 8 shows the dissipated energy as a function of cumulative travel
and clearly, for the displacement time history schedule adopted, energy dissipation
decreases almost linearly as gravity as a proportion of overturning resistance, Rmw,
increases.

Fig. 8. Energy dissipation as a function of cumulative travel (wall with traditional
connectors represented by dashed bolded black line)
In the case where gravity contributes around 60% to the overall moment resistance (Rmw =
0.6), the energy dissipation, for the adopted loading time history only, is essentially the
same as that of the wall with the traditionally rigid hold-downs (it should be noted that the
comparison is not a completely apt one, as the force time history of the wall was at higher

levels on average, than the walls with slip-friction connectors – nevertheless the
comparison is instructive in showing how a gravity dominated system will be less efficient
at dissipating energy than a slip-friction dominated system). It should be noted that while
the numerical study was on a wall of sheathing nailed to framing, the result would apply
equally to rigid solid wall panels (such as CLT) with slip-friction connectors.
4. CONCLUSIONS
An overview of recent research on rocking structures with passive energy dissipation,
i.e. slip-friction connectors, was provided. The slip-friction connectors have a dual duty of
resisting overturning moments up to a pre-determined threshold. This threshold is a
function of the slip-resistance of the connectors which in turn is a function of the preload in
the bolts. The authors report on previous research in which the direct measurement of a
stack of Belleville washers was used to achieve preload. The authors report on previous
research where an experimental wall setup at the University of Auckland has confirmed
previous numerical research on the effectiveness of using slip-friction connectors to avoid
damage to a rocking structure.
A separate numerical study was carried out, and it is shown that a combination of slipfriction connector strength and gravity can be used to cap forces on the wall. A gravity
dominated system demonstrates a stronger ‘flagging’ effect (associated with good recentring capability), while a slip-friction dominant system has superior energy dissipation
characteristics.
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