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ABSTRACT
The design of structures has primarily been geared towards addressing the most dominating hazard
at the location of interest. Evidence of global warming and the associated extreme climate
conditions, however, have increased the probability of a structure being subjected to different types
of extreme demands. As a result, the design philosophy of structures is shifting towards a more
holistic approach of addressing multiple hazards to ensure adequate performance under different
loading scenarios. This requires the utilization of new structural systems that can sustain only
minimal damage under extreme loads. In this paper, two new floor isolation techniques are
presented and their main features are discussed. The floor isolation systems are employed in
numerical analysis to re-evaluate the response of building systems utilizing these isolation slabs
under uncoupled multiple hazards of wind and seismic demands. It is shown that the proposed
systems out-perform the response of conventional composite slab buildings.
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1 INTRODUCTION
In light of recent technological and construction advancements, several new structural
systems have been developed over the years such as base isolation systems, tuned mass damper
systems, rocking frames with fuses, among others. These systems have shown significant promise
in performance against different but individual types of hazards. At present, with increase in
frequency of occurrence of various hazards, structures are experiencing multiple extreme events
within their lifespan. Therefore, designing structures for a specific type of hazard does not ensure
its survival against a hazard of a different kind. For instance, a structure designed for high level of
earthquake loading is required to have lower lateral stiffness than what is required if it was to be
designed for extreme wind loading. This discrepancy in design objectives motivates a shift in the
design philosophy from single hazard to multiple hazards. [1] and [2] showed that structures in
regions of significant wind and seismic hazards could have twice the risk of exceedance of the
design limits than regions with risk of only one hazard. Other researchers have also highlighted the
need for a multiple hazard-oriented approach towards design of structures as shown in [3], [4] and
[5].
Multi-hazard design started gaining momentum in recent years and several researchers have
made developed frameworks for design of structures under different combinations of multiple
hazards. [6] and [7] performed multi-hazard risk assessment on residential structures under
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hurricanes, earthquake and snow load. [8] developed a risk assessment and ranking methodology
based on an expert decision making process under multiple hazards. [9] presented a multi-hazard
reliability framework to assess the response of off-shore wind turbines under wind and seismic
loads and found the annual probability of failure under seismic and hurricane loading to be higher
than target safety level recommended by guidelines for industry practice. Another study by [10] on
the response of wind turbines under wind, seismic, and operational loading clearly highlighted the
importance of conducting coupled analysis that includes all hazards for proper quantification of
wind turbine response. [5] conducted a probabilistic analysis on two steel frames with different
heights under earthquake and wind loadings and found that the selection of proper probabilities of
exceedance for wind and seismic hazards, for minimum total life cycle cost, depends on the
fundamental frequency of the structure.
In this study, the authors discuss the formulation of three types of floor isolation systems –
two suspension slab system and one sliding slab systems, with emphasis placed on the suspended
slab systems. The dynamic response of these floor-isolated structures has been previously
formulated and evaluated under seismic loading only in [11] and [12]. The previous studies showed
that the performance of the systems outperformed a typical composite frame by a significant
margin. The three systems are similar to multiple tuned mass dampers hence they are a function of
certain design variables, which can be altered to obtain an optimal configuration. In this study, the
suspended slab isolation systems have been optimized under the multiple hazards of wind and
seismic loads.
2 SYSTEM DESCRIPTION
2.1 Suspended Slab Systems
In the suspended slab system, the slabs are suspended with cables from the beams above
them. In order to ensure controlled motion of the slabs two types of links are considered from the
bottom face of the slab to the flange of the beam underneath the slab. The connected links are of
two types – Post-Tensioned (PT) links and Energy Dissipation (ED) links. The PT links are
intended to provide the necessary stiffness to control the motion of slabs without yielding and to
ensure zero residual drift through self-centring of the slab, and the ED links are intended to act as
energy dissipation elements. There are two models of suspension systems considered in this study,
which differ in the type of connection used for suspending the slabs (cable-to-beam). In Model-I,
roller connections are used to suspend the slabs, whereas in Model-II fixed connections (as shown
in Fig. 1). It is important to note that the suspended slabs tend to act as a typical Pendulum Tuned
Mass Damper (PTMD), which, if tuned correctly, will act to reduce the motion of the skeleton
frame by exerting a force in the opposite direction.
Analytical models were developed for both suspended slab systems as shown in Fig. 2. In
suspension Model-I, the slabs are suspended using roller connections (the rollers rest on the beam
flange), which decouples the floor beam from the slab suspended from it and is thus coupled with
only the slab above it. In case of Model-II, the fixed connections used for suspending the slabs from
the beam result in coupling between the beam to the suspended slabs above and below it. The
analytical systems in this study accounts for both vertical and horizontal distribution of slabs. The
equations in this study are able to incorporate the effect of variation in the placement of suspended
slabs for optimal performance. In order to better understand the effect of isolating multiple slabs,
the location and number of slabs to be isolated are considered an optimization parameter. From a
practical perspective, all the slabs are assumed to have similar properties since it would be easier to
implement practically and would also result in a simplified optimization procedure.
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Figure 1 - Elevation view of proposed suspension systems and their components
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Figure 2 - Analytical models of (a) Suspension Model-I and (b) Suspension Model-II
The equations of motion for the systems takes into account the forces generated by all isolated
slabs present in the system. is the location parameter, which takes only binary values and is given
by Eq. 1. Each value in the matrix represents whether a slab is isolated or not on the respected
floor. It was assumed that for any case there would be no slab isolated at the bottom floor ( = 0).
The contribution of each floor’s isolated slabs is accounted for based on modal ratios ( ). The
modal ratio is the ratio of mode shape for a particular floor ( ) to the mode shape of the top floor
( ) for the 1st mode. Equation 2 is the equilibrium equation for the frame of Model-I and Eq. 4 is
for Model – II, which are obtained by balancing the forces experienced by each floor of the
structure. The left hand side terms in both equations are the same and they represent the forces
generated in the frame due to its inertia, damping and stiffness. The terms on the right side differ in
the two equations since in Model-I the isolated slabs are uncoupled from the floors above them,
unlike Model-II, where the slabs are coupled to both upper and lowers floors (as seen in Eq. 4).
Matrix A represents the forces generated by upper suspended slab on the floor and matrix B is the
forces generated by the lower suspended slab in Eq. 4. In Eq. 2, the term on the right side is the
force generated by the floor below only. The term is the modal participation factor, is the input
dynamic excitation, , ,
are the displacement, velocity and acceleration of
floor of the
steel frame,
,
are the displacement and velocity of isolated slab on
floor
bay, and
3

,
,
and kin are the mass, damping coefficient, external stiffness and inherent stiffness of
floor
bay isolated slab. The terms , and are the effective mass, stiffness and damping
of the frame, respectively, derived by assuming a pre-dominant 1st mode and by approximating the
response about the 1st mode. Only the 1st mode was considered since this is a preliminary study of
the systems under multi-hazard and it was observed that even after considering multiple modes the
only difference lies in the optimal configuration obtained and not the performance. Eq. (3) and (5)
are the equilibrium equations of the isolated slab on
floor and
bay for Model-I and Model-II
suspension systems, respectively, where ‘d’ represents the notation for isolated slab, ‘n’ represents
the index for floor number (1 – N) and ‘j’ is the index for bay number (1 – M).
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Where,

k

in

m g
  dnj  and L is the length of the cable from which the slab is suspended.
 L 



2.2 Sliding Slab Systems
The Sliding system comprises of isolated floor slabs placed on curved supports so that they
are free to move relative to the frame. The curvature in the supports allows for gravity to reposition
the slab back to its original location, thereby provide a self-centring mechanism. To keep the
motion of the slabs under check, rubber bumpers or stiffness components are considered between
the slab and the frame. The friction of the contact surface can be used to dissipate energy, which
will provide some damping to the system. Hence, the sliding system tends to act as a typical
4

Translational Tuned Mass Damper (TTMD) system. An elevation view of the proposed sliding
system is shown in Fig. 3, where m1 represents the mass of just the frame, m2 represents the mass of
the sliding slab, R is the radius of curvature for the curved support, k1 and c1 are stiffness and
damping of the frame and  is the coefficient of friction between the curved slab and the contact
surface. The sliding mechanism layout, as shown, would be pre-casted as separate members before
assembling the complete mechanism on the construction site. The curved support for the slab could
be developed as precast concrete or steel member and the sliding slab would be designed as a
regular reinforced concrete slab. The sliding model is quite similar to Model-I in principle when the
angle of rotation for the suspension systems is quite small, thus the sliding system can also be
represented by the analytical model shown in Fig. 2(a). The equations of motion are derived in a
similar way as the suspended slab systems and since in nature it is identical to Model-I the
equations are quite similar, except for the additional friction force term. Equation 6 represents the
equation of motion for the frame and Eq. 7 represents the equation for the nth floor isolated slab.
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Figure 3 - Elevation view of sliding floor system
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3 MULTI HAZARD OPTIMIZATION
3.1 Optimization Details
The floor isolation systems are seen to be a function of 5 key design parameters - Cn, k, c, R
and , which need to be optimized to maximize the potential of the system under any given loading
condition. Normally, an optimization could be directly applied to optimize all the variables at the
same time, however in this case the relation between variables Cn and other variables k, c, R and
is rather complex. For every possibility of the Cn vector, there exists an optimal set of the other four
variables, thus the two sets of variables can be considered on separate plane with the Cn vector
stacked on top of other variables. Due to this relation, a Nested optimization was used in this study,
which comprised of two layers of ‘Numerical Search’ algorithm. Numerical Search is a linear
search based algorithm that checks a wide range of values within a specified domain and obtains the
optimal point. In short, the optimization of floor isolation systems is a nested optimization problem
in which the 5 variables are not optimized all at the same time. Since k, c, R and are a function of
Cn so the outer layer is used for optimization of Cn and the inner layer for the other four variables.
In an optimization problem, the ‘Fitness function’ is an essential component and great care
needs to be taken while formulating it. To conduct a multi-hazard optimization the fitness function
can be formulated as a Multi-objective function of the earthquake and wind response as shown in
Eq. 8 – 10. The fitness function is considered as a weighted sum of the performance functions of the
two hazards, where 1 and 2 are their respective weights. The two hazard performance functions
are function of different performance parameters. The earthquake response is a function of the top
floor drift of the frame and the wind response function is a function of the top floor acceleration of
the frame. Both functions are represented as percentage improvement over a reference structure,
which in this study is a conventional composite slab frame system of the same dimensions. By
normalizing, or in other words, by bounding the response functions of both hazards between -1 and
1, it is ensured that the optimization is not biased towards a particular hazard. There are primarily 4
key performance parameters that can be used to assess the performance of the suspended slab
systems – top floor acceleration and displacement of frame, and top floor suspended slab
displacement and acceleration. Optimization based on a single performance parameter does not
ensure acceptable values for other parameters, thus a penalty function is added to both the
earthquake and wind performance function, which are given by Eq. 11 – 13. The penalty function
simply measures the performance improvement/decline for other performance parameters and in
case any of the parameter shows decline it penalizes the function with a significantly large value,
given by an arbitrarily chosen parameter ‘ '. This way it is ensured that not only primary
performance parameter is optimized but the other parameters are also kept within acceptable limits.
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where,
sgn 
. is the signum function represented by the relation

1
sgn x  0
 1

if x  0
if x  0 
if x  0 

where,
= 1011 (an arbitrarily high value)
= Percentage improvement in Earthquake response of floor isolation system over a
composite frame
= Percentage improvement in Wind response of floor isolation system over a composite
frame
= frame top floor drift for floor isolation system under jth hazard
= frame top floor acceleration for floor isolation system under jth hazard
= Top floor isolated slab drift under jth hazard
= Top floor isolated slab acceleration under jth hazard
= frame top floor drift for composite frame under jth hazard
= frame top floor acceleration for composite frame under jth hazard
= Weighting factor for jth hazard
= Penalty Function for jth hazard
3.2 Suspended Slab Results
The suspended slab systems were tested for a 10-story 5-bay structure, assumed to be steel,
with beams W 27 x 40 and the columns as W 14 x 109 sections. The internal damping ratio of the
steel frame was assumed to be only 1%, since the focus of the study is to assess the performance of
the suspended slab systems so a small portion of the energy needs to be dissipated in the steel
frame. The width of the floor bays and height of each story were assumed to be 4.57m. To evaluate
performance under seismic load the Kanai and Tajimi spectrum ([13], [14]) was used, which is
given by Eq. 14. The ground intensity and damping ratio of ground were assumed to be constant
(
), however the ground frequency ( ) of the spectrum in each test case was
selected such that it is equal to the natural frequency of the structure obtained. This was done to
ensure that the system experiences the complete effect of the earthquake. For wind load also a
hazard spectrum was used, which was assumed to be a sinusoidal pulse. Similar to earthquake
7

spectrum, the wind spectrum was also adjusted such that its frequency coincided with the natural
frequency of the structure in question. The intensity magnitude of the spectrum was chosen to be 1
for both earthquake and wind since all performance objectives are evaluated as improvement ratios
over a composite frame, thereby removing any effect of hazard intensity. This way the analysis can
be focused on assessing the robustness of the system and the accuracy of the optimization
framework; as each hazard will have equal participation and there will be no bias related to them
due to variation in hazard intensity.
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where,
S 0 is the ground intensity,  is the input frequency,  g is the ground natural frequency, and  g the
damping ratio of ground.
The optimal placement of the suspended slabs for Model-I is seen to be quite consistent (Fig.
4(a)), which can be explained by the fact that the other two parameters are adjusted so as to shift the
design requirements, thus the optimization algorithm did not need to change the optimal placement
of isolated slabs with varying i . The performance improvement with respect to each hazard can be
seen as their respective weighting factors are varied (Fig. 4(b)), along with the optimal values for
parameters  d and  d (Fig. 4(c)), which are the frequency and damping ratios between the isolated
slab and the steel frame. In other words, the frequency and damping ratios are a function of the
stiffness and damping of the isolated slabs. From the performance improvement plot it can be
clearly seen that Model-I is able to achieve a simultaneous performance improvement under both
hazards.
Composite Slab

Suspended Slab

(a)
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Figure – 4 Response of the 10-story 5-bay Model-I suspended slab system (a) Optimal suspended
slab locations (b) Percentage improvements in performance (c) Optimal values of
and
The 10-story 5-bay Model-II structure however presented some unexpected results (Fig. 5).
The general trend in multi-hazard optimization should be that in order to satisfy the performance
objectives of both hazards simultaneously a small amount of trade-off in performance has to be
made for both hazards. In exchange for this trade-off the system is able to reduce the response
under wind and earthquake hazards both at the same time. However, in this case the suspended slab
system was able to achieve an optimal configuration, which not only improved the wind response
by 100% but also improved the seismic response by about 67%. The improvement plot shows the
same optimal configuration for all weight factors suggesting a unique optimal solution as opposed
to a set of pareto-optimal solutions. In summary, the optimization algorithm produced a
configuration that does not require a trade-off between the two hazards for the 10-story Model-II
structure. The only limitation of this model is that it does not work well on small structures, thus,
Model-II can be utilized on large structures to obtain multi-hazard design that is highly feasible for
both wind and seismic loads. An important point to note is that the analysis conducted in this study
is based on frequency domain analysis in which only one predominant frequency is considered and
the response equations are derived based on only 1st mode. A more comprehensive multi-modal
time history analysis is required to accurately predict the response of the suspended slab systems
under actual earthquakes and wind time histories. However, this does not diminish the fact that the
suspended slab systems are quite robust and flexible systems, which can be tuned appropriately to
both hazards under set performance objectives to outperform a typical composite frame. The sliding
system results have not been show in this study due to restriction in scope of this paper, however a
similar multi-hazard analysis can be performed for the sliding system as well since their equations
of motion are quite similar.
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Figure – 5 Response of the 10-story 5-bay Model-II suspended slab system (a) Optimal suspended
slab locations (b) Percentage improvements in performance (c) Optimal values of
and

4 CONCLUSION
In this study, two suspended slab systems and one isolated curved slab systems are presented
as a new structural system that can be utilized for effectively withstanding multiple hazards. The
analysis was performed for 2 suspended floor isolation systems to understand the system’s
effectiveness under multi-hazard loading. The optimization was conducted using a nested form of
Numerical Search optimization. The results for a 10-story 5-bay structure have been shown for the
2 models.


The results from the multi-hazard optimization tests showed the suspended system models can
be tuned to satisfy wind and seismic performance objectives at the same time, while
compromising on some amount of individual performance for both hazards.
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 Model-II can be considered an exception to the previous point in certain cases, as it can be





implemented on large structures to obtain an optimized design that improves performance under
both wind and seismic significantly without any trade-off on individual hazard performance.
However, if the structure size is not sufficient enough Model-II shows a similar behaviour to
Model-I.
The fitness function formulated can be easily extended to include other hazards as well.
The acceptable performance of both the suspended slab models under multi-hazard warrants an
intensive performance investigation under multi-modal time history analysis.
The proposed optimization framework can very well be implemented to other vibration isolation
systems to test their effectiveness under multi-hazard loading. The framework would work on
any system that is a function of manageable set of design variables provided that the system is
flexible enough to adapt to different types of hazards simultaneously.
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