Contents Sliding Response Spectra

S.L. Lin, G.A. MacRae, T. Yeow & R. P. Dhakal
University of Canterbury, Christchurch, New Zealand.

R. English

Alan Reay Consultants, Christchurch, New Zealand.

2012 NZSEE
Conference

ABSTRACT: The importance of building content damage has been recognized again in
the recent devastating Canterbury earthquakes as items moved several metres in some
cases. Content damage can result in significant economic loss and injuries despite the
structural system remaining intact.

In this paper, a simple numerical model is used to simulate the contents sliding behaviour.
After a brief introduction of the methodologies and development of sliding model, the
contents sliding behaviour during an earthquake shaking is investigated analytically,
followed by the development of the sliding response spectra for contents in structures
with different strength reduction factors, coefficients of friction, and structural periods. It
is shown that movement of contents is greater when the friction factor is less and when
the structure has lower response period and greater strength. An example application of
the use of the contents sliding response spectra is provided. Future research directions are
also identified.

1 INTRODUCTION

Earthquakes that caused building damage have also caused damage to non-structural components and
building contents. Several examples include:

e Sliding or overturning of furniture

e Smaller items such as wine bottles or books falling from shelves.

o Cracking, sliding and even toppling of unreinforced masonry and brick parapets.

Non-structural and building contents damage from many earthquakes has been noted. These include
the 1971 San Fernando earthquake, 1994 Northridge earthquake, the 2002 Nisqually earthquake, the
2009 L’Aquila earthquake, 2010 Chile earthquake and the recent 2010 and 2011 Canterbury
earthquakes. During these earthquakes, access to some buildings with significant non-structural
damage was forbidden due to the high risk of injury in the event of strong aftershocks. This delayed
building inspections and prevented tenants from recovering important items for their business,
resulting in significant indirect losses. In addition, direct losses were incurred for component
repairs/replacement. According to Whittaker and Soong (2003), costs resulting from both direct and
indirect losses due to non-structural and building contents may be 75-85% of the original construction
cost, which is significantly higher than costs resulting from structural damage, which ranges from 15-
25% of the original construction cost. This significant economic effect was emphasized in the Darfield
earthquake, in which there were no fatalities and the majority economic loss was due to non-structural
damage and related business interruption (EERI, 2010).
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Figure 1. Contents damage in the 1994 Northridge (left) and the 2010 Darfield (right) earthquakes

Many research studies have been carried out in the past two decades on non-structural damage, such as
ceilings, facades and rocking objects (FEMA, 2011, MacRae et al., 2010, Palermo et al., 2010).
However, little work has been done to understand the mechanism behind the sliding of building
contents and to quantify this effect. Studies were recently conducted at the University of Canterbury to
address these needs, from which two papers have been produced. The first paper, “Content Sliding
Mechanics in Earthquakes” by English et al. (2012), focuses on understanding the contents sliding
mechanism; and this follow-up paper focuses on design applications.

This paper first provides an overview of the development and verification of a model to describe the
sliding behaviour of contents in structures. The overview is followed by two comprehensive
application examples to demonstrate the capabilities of the proposed sliding model. The first
application uses the developed model and measured ground motions to simulate the contents sliding
behaviour during earthquake shaking. Records obtained during the 22" February, 2011 Christchurch
earthquake were used to perform nonlinear time history analysis. The structural strength reduction
factor, R, and contents-structure friction, p, were considered. In the second application, content sliding
spectra varying with different structural ductility and friction coefficients are presented.

2 OVERVIEW OF MODEL DEVELOPMENT

The numerical model, schematically represented in Figure 2, was proposed by English et al. (2012).
This model was used to simulate the contents sliding. Only a single story structure was considered in
order to understand the sliding mechanism of contents in the simplest form. As shown in Figure 2, the
structure and contents are simulated using spring-mass models, where M and m, are the mass of
structure and contents respectively. The hysteretic behaviour of structure and frictional behaviour
between contents and floors are described via spring components S and S, respectively. The level of
contents damage was defined as the relative displacement between the structure floor and the contents.
RUAUMOKO-2D nonlinear time history analysis software developed at the University of Canterbury
(Carr, 2008) was used to perform the numerical analyses.
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Figure 2. Concept (left) and numerical (right) model for contents sliding

Following English et al. (2012), the frictional behaviour of the contents-floor interaction was modelled
using a bilinear hysteresis rule to approximate a rigid-plastic relationship. The sliding force, Fresisting,
was set to um.g, where [ is the coefficient of friction (COF). Equation 1 describes the requirement for



sliding where Fgyiving IS the force applied to the contents from the structure before sliding. It is limited
by the sliding resistive force, Freising. Sliding will initiate only when total structural acceleration,
Asructures 19 greater than pg. For example, if W is equal to 0.3, then sliding will initiate at a structural
acceleration of 0.3g. It is noted that the contents behaviour is independent of m, when m is
significantly less than M. Therefore in this paper, a ratio between m. and M of 1:1000 was used.
Furthermore, only hysteretic damping was considered in this initial study.
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2.1 Sliding mechanism

The aforementioned numerical model was applied to investigating the sliding mechanism excited by
impulse loads. The impulse loads were used instead of ground motions as they eliminate the
complexity resulting from chaotic frequency and phase contents of ground motions. Furthermore, to
facilitate the understanding of sliding mechanism, the structural behaviour (S) was assumed to be
linear elastic. Figure 3a shows the total acceleration history of the structure floor and contents while
Figure 3b shows the structure floor and contents velocity relative to the ground. As can be seen, a full
sliding behaviour can be divided into three specific stages: initiation, established sliding and
termination/reversal (English et al., 2012).

Sliding Initiation: As can be seen from Figure 3, contents start to slide when the total
structural acceleration exceeds the defined frictional bond, ug.

Established Sliding: The contents move along the direction of floor movement with a
constant acceleration (Jg) as the acceleration of the floor exceeds the acceleration on the
content, i.e., ug. The acceleration is limited by the frictional force between the floor and the
contents.

Termination or Reversal of Sliding: Termination or reversal occurs when contents-structure
relative velocity is equal to zero, but sliding immediately continues again if the floor total
acceleration is greater than pg. This is shown in Figure 3b, where the gradient of the contents
velocity (and hence contents acceleration) must be higher than pg if the contents are to follow
the floor velocity. When the relative (contents-structure) velocity is equal to zero (i.e., the
intersection point in Figure 3b), the total structure acceleration determines the sliding
behaviour. If the floor acceleration is greater than g, then the contents immediately slide in
the opposite direction relative to the floor. This is referred to as "fully developed sliding".
Contrarily, the contents will re-establish a frictional bond with the floor until sliding is
reinitiated when acceleration is less than pg, which is then referred to as "semi-developed
sliding".
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Figure 3. Response history of sliding system (English et al. 2012)



2.2 Model verification and implication

Several essential checks were made in order to verify the proposed simple numerical model. The first
straightforward check is the agreement between the conservation of energy and Newton's second law
of motion. This is achieved by equating the work performed on the contents over the sliding duration
with the increase in kinetic energy of the contents (using total displacements and velocities).

In addition, the effects on sliding mechanism due to different structural properties must make physical
sense. The relative sliding displacement between the contents and the structure is given by the shaded
area Al in Figure 3b. Mathematically, it can be calculated by Equation 2 where Vioor and Veontents are
the velocities of the floor and contents respectively relative to the ground. This relationship indicates
that sliding is directly correlated with the relative velocity profiles of the structure floor and contents.
Based on this understanding, one may note that any hysteretic change which reduces Al area will
reduce sliding. Therefore, either increasing the structural period (hence decreasing the gradient of the
structure velocity profile) or increasing the structural ductility (hence reducing the peak velocity of the
structure) will decrease the content sliding.

The above finding has been verified on the proposed sliding numerical models excited by both
impulse and earthquake ground motions (English et al., 2012). In the simulations, p was taken as 0.25.
For the investigation on period effect, a constant structural reduction factor (R = 2) was applied to all
different periods, while the stiffness of the structure was selected such that the period of the structure
was 1 second. The reduction factor, R, reduces the yield strength of the structure by dividing the
capacity by R value. Meanwhile, seven different hysteresis models (linear elastic, bilinear elastic,
bilinear, black tendon, Takeda, flag-shaped and Ramberg-Osgood) were used to investigate the effect
of hysteretic behaviour of the structure. Figure 4 shows results excited by impulse loads, which
demonstrate the effect of natural periods and strength reduction factor on contents damage.
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Figure 4. Natural period effect (left), and strength reduction factor effect (right) on contents damage
excited by impulse load (English et al. 2012)

2.3 Challenges and limitations

The numerical model used allows understanding of the effects of changes in different parameters, such
as period, strength reduction factor and hysteretic behaviour. However, it has the following
limitations:

e Asingle degree of freedom (SDOF) model was applied in the study.

e The frictional coefficient between the structure floor and contents remained constant
throughout the simulation. In other words, the dynamic frictional force was equal to the
maximum static frictional force.

¢ No consideration of movement resulting from rocking was considered.

e Only horizontal ground motions were considered.



Further study is underway in order to address the above limitations. Because of the higher vertical
acceleration recorded in the recent Canterbury earthquakes (GNS, 2011), focus is particularly given on
developing a multi-degree of freedom (MDOF) model and including vertical accelerations.

3 MODEL APPLICATION AND DISCUSSION
3.1 Contents sliding behaviour during earthquake shaking

In all the nonlinear time history analyses that follow, a bilinear hysteretic behaviour of the structure
was assumed. The period of the structure was kept at 1 second while the ratio between m. and M was
1:1000. This ground motion record used was obtained from the CCCC station (Christchurch Cathedral
College, component N64E) during the 22™ February 2011 Christchurch (GNS, 2012).

Different strength reduction factors (R =1, 2 and 5) and coefficients of friction, y, of 0.1, 0.25 and 0.4
were used to observe the effect of these parameters on the content response. Four different types of
content response were of interest; contents-structure relative displacement, contents-structure relative
velocity, structure total acceleration and contents total acceleration.

3.1.1 Effect of strength reduction factor

In order to study the effect of strength reduction factors (equivalent to the ratio of ductility factor k, to
structural performance factor S, in NZS1170.5), the displacement and velocity of the content relative
to the structure, the total acceleration of the structure and contents are plotted in Figure 5 for the three
different strength reduction factors. The friction factor u was fixed at 0.25 so that the strength
reduction factor is the only variable. The following two observations can be made from these results:
1) The use of a higher strength reduction factors, R, generally reduces not only the total
acceleration of structure, but also the relative displacement and velocity between contents and
structure.
2) If the total floor acceleration of the structure, asyycure, IS lOWer than g, as is the case when R =
5 as shown in Figure 5c, no sliding will occur. This explains why there is no relative
displacement and velocity between contents and structure, as shown in Figure 5a and 5b.

Based on this investigation, it may be seen that a higher R value will reduce contents sliding.
However, a design for a higher R should not become a general recommendation for design since a
structure with a higher R values is also a weaker structure and significant structural damage may
occur.

3.1.2 Effect of friction coefficient

From the previous study, one may note that contents sliding only occurs at total structure accelerations
higher than pg. Here R was fixed at 1 so that the coefficient of friction is the only parameter that is
modified. Three observations can be made from these results:
1) The use of a smaller coefficient of friction will reduce the relative displacement and velocity
between the contents and structure.
2) As can be seen from Figure 6c, because of a constant R value of unity in all analyses, the three
different systems (with different p values) resulted in the same total structure acceleration.
3) Based on the sliding model development, the yield bond is defined as mcug. It therefore,
explains the higher contents total acceleration presented in systems with higher u values
(Figure 6d).
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3.2 Contents sliding response spectra

The results from the previous section were based on one specific ground motion. To obtain more
general trends, contents sliding response spectra based on many records should be generated, which
will provide more general and reliable information on contents sliding. This is presented in this
section. As discussed earlier, building contents often result in more injuries, properties damage, and
business interruption than those inflicted by structural damage. Due consideration to prevent
undesirable damage, contents sliding should be given in the design process. One way this can be done
iS to connect the contents more directly to its support (thereby increasing the effective friction) so that
much stronger shaking is required to initiate sliding. The total strength of the connection will always
be satisfactory if it is more than pcasrucwre- The friction will also provide additional safety. Another
method is to provide a sufficient ledge for sliding before falling occurs. In this section, the required
ledge distance is assessed using contents sliding response spectra for various strength reduction
factors, coefficients of friction, and structural periods.

3.2.1 Sliding model and ground motions selected for analyses

In all the numerical simulations conducted to generate contents sliding response spectra, the SDOF
sliding model with bilinear hysteretic behaviour as well as its assumptions previously described in
Section 3.1 was followed. The only difference was the chosen seismic inputs. The elastic design
spectrum for Wellington region (A & B soil types) and 20 ground motion records from SAC suite
(Somerville et al., 1997) were used. The 20 ground motion records for nonlinear time history analyses
were scaled to match the elastic design spectrum for Wellington at different periods (17 different
periods in total, therefore 340 different records for each curve). For each period point, the average of
the contents-structure relative displacement from the 20 records was used to derive the response
spectrum. Following the above procedures, contents sliding response spectra under different strength
reduction factor (R =1, 2 and 4) and coefficient of friction (u = 0.1, 0.25 and 0.4) were generated.

3.2.2 Contents sliding response spectra

Nonlinear time history analyses of 9 content-structure systems (3 different R values along with 3
different p values) under 340 earthquake records resulted in a total of 3060 analyses and 6 contents
sliding response spectra. Figure 7 presents 2 out of 6 contents sliding response spectra. It can be
observed that the peak sliding (contents-structure relative displacement) was significantly diminished,
especially for general buildings with periods from about 0.3 to 1.5 seconds. Generally, the higher
strength reduction factors showed higher diminution in spectra between different coefficient of friction
and vice versa.

This can be used in the following way. For an item of contents with a coefficient of friction of 0.25, in
a single storey building in Wellington with a period of 0.2 second which is on stiff soil, which may be
significantly stronger than its minimum design strength (due to drift, wind and other limit states

controlling the demand) so that the effective R = 1, the amount of sliding expected is about 550 mm.
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4 CONCLUSIONS
The following conclusions can be derived from the study presented in this paper:

e The model proposed by English et al. (2012) provides a simplistic numerical approach to
investigate quantitatively the contents-structure sliding behaviour when subjected to an
impulse load or ground motion.

e The size of the relative displacement between the content and the structure decreases with an
increase in the strength reduction factor and/or a reduction in the coefficient of friction.

e Procedures for obtaining sliding response spectra of contents were developed. An application
of the derived contents sliding response spectra for design was also demonstrated.

e Research is needed and currently underway to further understand the contents sliding
behaviour. Focuses are particularly given on multi-story model as well as vertical ground
acceleration effect as the prevalence in recent earthquakes.
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