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CHAPTER1 INTRODUCTION

Dampers are effectively used to reduce seismic response of structures. The function of damping mechanisms in a
structure is to dissipate the input energy from ground motions and thereby, keeping the structural members undamaged
or with minor damage. However, a weak-story in a multi-story structure which means irregular stiffness distribution
through the stories may cause exceeding displacement in the structure, when the structure is subjected to a severe
ground motion. The use of viscous-dampers on each story is well known to reduce the displacements but the weak-story
will still have a large inter-story displacement, which causes a non-uniform inter-story displacement distribution among
the stories.

Starting from this point, on the weak-story, a displacement controller device was used in this study. Namely
dampers and displacement controlling limiters are used together which can also be called as a “combined energy

dissipation system” and investigated through several different structural parameters and conditions.

CHAPTER2 ANALYTICAL MODEL

A special analytical model is developed for the dynamic analyses and the equation of motion is modified, in order

that it may include the restoring force of the frame, viscous-dampers and the displacement controlling limiter, as well.

I m:
m KF -
Cp : Damper s damping coefficient
Kg: Steel brace stiffness
K;: Limiter stiffness
P: Brace force
Q: Darmper force
L: Limiter force
Gap: Deformation value that limiter operates
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Frame damping coefficient
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Figure 2.3 SDOF analytical model
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CHAPTER3  ELASTIC CASE - COMPENSATING THE IRREGULARITY IN STIFFNESS

In this chapter, “compensating the irregularity in the stiffness of an elastic multi-story structure” was discussed.
Target inter-story displacement is ddesign=3.0cm. There is a weak-story in the 6th story of the 11-story model building.
This itregular stiffness distribution through the stories causes exceeding displacement in the structure, when subjected
to a severe earthquake. Target of using the proposed energy dissipation system which is combined of viscous-dampers
and displacement limiters is to compensate the stiffness irregularity of the structure. Therefore displacement controlling

limiter was used only on weak-story.
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Figure3.3 Limiter and cushion material

Input ground motions were introduced and normalization process was done with elastic displacement spectrum(Sp)
of Kobe earthquake which was scaled to peak ground velocity PGV=50cm/sec .

Energy based viscous-damper design is performed. Target of the damper design is to obtain the necessary
viscous-damping coefficient (Cp;) that makes dmax (maximum displacement of the model building) smaller than or
equal to target inter-story displacement S4esign. Briefly, (1) Total input energy was predicted by using an elastic MDOF
system with no additional dampers but increased frame damping to represent a similarity to the model with dampers. (2)
The relation between E; (total input energy) and Ep, (total energy absorbed by viscous-dampers) was investigated and it
was found out that the relation between E; and Ep, is depending on frame damping factor hy and viscous-damper
damping factor hp. It was independent of initial period T,, input motion and input motion intensity. Regression analysis
was performed to evaluate the ratio of dissipated energy by dampers. (3) It was assumed that dampers on each story
absorb energy equally. (4) As AEp; is assumed to define the maximum energy that can be absorbed by the
viscous-damper with one cycle, the number of equivalent cycles (n.) that is necessary to dissipate the viscous-damping
energy was evaluated. (5) Depending on the assumed damper response, necessary viscous-damping coefficient (Cp;) to
obtain target displacement was calculated.

Next, gap distance of the displacement limiter was calculated for the weak-story. The method to obtain the gap
distance was presented.
Dynamic response analysis was performed for “frame+designed damper+limiter” type of structure. Dynamic

response results of building with proposed energy dissipation system was shown.
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Figure 3.22(b) Inertial force - inter-story displacement relation on weak-story. (Kobe case)

As a result for this chapter; exceeding displacement can be successfully controlled by using the displacement
limiter. It makes almost no change in the acceleration and inertial force values. Gap distance was designed for the
displacement controlling limiter, based on the lack of stiffness on the weak-story. After using the limiter with designed
gap distance, exceeding inter-story displacement on the weak-story was reduced to the target displacement value
effectively.

By the use of energy based damper design method, necessary viscous-damping coefficient was determined and
target maximum displacement values were obtained among the stories successfully. It was shown that proposed energy

dissipation system, can effectually compensate the stiffness irregularity in an elastic structure.

CHAPTER 4 INELASTIC CASE — COMPENSATING THE IRREGULARITY IN STRENGTH

In this chapter, “compensating the irregularity in the strength of an inelastic multi-story structure” is discussed.
Inelastic properties are defined in order to represent a reinforced concrete building model. Target ductility is p=1.0
which aims the steel bars of reinforced concrete members not to yield. There is a weak-story in the 6th story of the
11-story model building. This irregular strength distribution through the stories causes exceeding displacement in the
structure, when subjected to a severe earthquake. Target of using the proposed energy dissipation system which is
combined of viscous-dampers and displacement limiters is to compensate the strength irregularity of the structure.
Therefore displacement controlling limiter was used only on the weak-story.

In this study inelastic case parameters are intended to be evaluated from elastic properties. For such purpose

relation between elastic and inelastic cases were investigated and a period reduction factor (R) was defined.
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Figure 4.8 Reduced equivalent period
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After the period reduction factor was defined input ground motions were introduced and normalization process was
done in a similar way with the previous chapter. Energy based viscous-damper design was performed. Target of the
damper design is to evaluate the necessary viscous-damping coefficient (Cp;) in order to obtain target ductility p=1.0.
Briefly, (1) Total input energy was predicted by using an “equivalent linear MDOF system”. (2) The relation between
F; (total input energy) and Ep (total energy absorbed by viscous-dampers) was investigated and it was found out that the
relation between E;and Epis depending on frame damping factor hy , viscous-damper damping factor hp and ductility
factor u. It was independent of initial period T,, input motion and input motion intensity. Regression analysis was
performed to evaluate the ratio of dissipated energy by dampers. (3) As AEp; is assumed to define the maximum energy
that can be absorbed by the viscous-damper with one cycle, the number of equivalent cycles (n,) that is necessary to
dissipate the viscous-damping energy was evaluated. (4) Depending on the assumed damper response, necessary
viscous-damping coefficient (Cp;) to obtain target ductility was calculated. In the next stage gap distance of the
displacement limiter was calculated for the weak-story.

Finally, dynamic response analysis was performed for “frame+designed damper+limiter” type of structure.
Dynamic response results of building with proposed energy dissipation system were shown. Design of gap distance for
the displacement controlling limiter was based on the lack of strength on the weak-story. After using the limiter with
designed gap distance, exceeding inter-story displacement on the weak-story was reduced to the target ductility value
effectively.

By the use of energy based damper design method, necessary viscous-damping coefficient was determined and
target ductility values were obtained successfully. It was shown that proposed energy dissipation system, can effectually
compensate the irregularity of strength in an inelastic structure.

CHAPTER S5 INELASTIC CASE — COMPENSATING THE LOW CAPACITY of STRUCTURE

In this chapter, “compensating the low story shear strength of an inelastic multi-story structure” is discussed. Target
ductility is p=1.5 and there is no weak-story. After yielding, low capacity of the structure causes exceeding
displacement and irregular shape in the displacement distribution. Target of using the proposed energy dissipation
system which is combined of viscous-dampers and displacement limiters is to compensate the low capacity of the
structure. Therefore displacement controlling limiter was used on every story.

First, the mode] building was introduced. It was the same building model with the Chapter0 except for there was no
weak-story in the building. Next, input ground motions were introduced and normalization process was done with
elastic displacement spectrum(Sp) of Kobe earthquake which was scaled to peak ground velocity PGV=75cm/sec.

Energy based viscous-damper design is performed in a similar way to the previous chapter. Target of the damper
design is to evaluate the necessary viscous-damping coefficient (Cp;) in order to obtain target ductility p=1.5. In the
next section, gap distance of the displacement limiter was calculated. As the limiter was used on every story. The
method to obtain the distribution of the gap distance among the stories was presented

At last, dynamic response analysis was performed for “frame-+designed damper+limiter” type of structure. Results
for the dynamic response results of proposed system were shown. Following conclusions can be done for this chapter of
the study.

Design of gap distance for the displacement controlling limiter on every story was based on the assumption of
inertial force increase. After using the limiter with designed gap distance distribution, exceeding displacement among
the stories was prevented and maximum inter-story displacement was reduced to the target ductility value effectively.

By the use of energy based damper design method, necessary viscous-damping coefficient was determined and

target ductility values were obtained successfully. These results show that proposed energy dissipation system
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combined of damper and displacement controller limiter, can effectually compensate the low capacity of an inelastic
structure.

Moreover, additional viscous-damping of the structure was increased to high values, to see the high damping
effects and be able to compare high damping effect with the proposed system. It was shown that even after high
additional damping values were used lower stories had exceeded the target ductility value.

Finally, to see the effect of displacement controlling limiter more clearly base shear coefficient of the model
building was increased in order to increase the strength of the structure. It was shown that increase of strength in the
structure almost makes the same effect with using the displacement controlling limiters. On the other hand, increasing
the capacity of the structure also causes higher acceleration values comparing with the proposed displacement
controlling limiter. Which shows that, using displacement controlling limiters to compensate the low capacity of a
structure is a cost-effective method, as well.

CHAPTER 6 CONCLUSIONS

In this study, viscous-damper and displacement controlling limiter were used together which can also be called as a
“combined energy dissipation system” to reduce seismic response of structures. The amount of the viscous-damper was
obtained by using an “energy-based” method. And the gap distance of the displacement controlling limiter was also
designed, depending on different conditions.

First of all, the combined energy dissipation system was applied to an elastic multi-story structure with a
weak-story caused by stiffness irregularity. Exceeding displacement on the weak-story can be successfully reduced to
the target displacement value by using the displacement limiter with designed gap distance. And by the use of
energy-based damper design method, necessary viscous-damping coefficient was determined and target maximum
displacement values were obtained among the stories successfully. It was shown that, proposed combined energy
dissipation system can effectually compensate the stiffness irregularity in an elastic structure.

The next topic was compensating the irregularity in the strength of an inelastic multi-story structure. Inelastic
properties of model building were defined in order to represent a reinforced concrete building model. Target ductility
was p=1.0. The irregularity in the strength of the 11-story model building caused a weak-story in the middle, similar to
the elastic case. Inelastic case parameters are intended to be evaluated from elastic properties.. For such purpose relation
between elastic and inelastic cases were investigated and a period reduction factor was defined for linearization process.

Exceeding displacement on the weak-story of the inelastic building was successfully controlled by using the
displacement limiter. And necessary viscous-damping coefficient to obtain target ductility overall the building was
determined successfully.

Finally the combined energy dissipation system was applied to an inelastic multi-story structure with low
story-shear-strength. Target ductility was p=1.5 and there was no weak-story. After yielding, low capacity of the
structure causes exceeding displacement in the entire building. Therefore displacement controlling limiter was used on
every story.

After using the limiter with designed gap distance distribution, maximum inter-story displacement was reduced to
the target ductility value effectively. Amount of viscous-dampers necessary to obtain target ductility value was
determined successfully by proposed energy-based damper design method.lt was shown that proposed energy
dissipation system combined of damper and displacement controller limiter, can effectually compensate the low

capacity of an inelastic structure.
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