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Inelastic buildings with tuned mass dampers under moderate
ground motions from distant earthquakes

P. Lukkunaprasit®! and A. Wanitkorkul

Department of Civil Engineering, Chulalongkorn University, Bangkok 10330, Thailand

SUMMARY

The effectiveness of tuned mass dampers (TMD) in vibration control of buildings was investigated under
moderate ground shaking caused by long-distance earthquakes with frequency contents resembling the
1985 Mexico City (SCT) or the 1995 Bangkok ground motion. The elastic—perfectly plastic material
behaviour was assumed for the main structure, with linear TMDs employed by virtue of their simplicity
and robustness. The accumulated hysteretic energy dissipation affected by TMD was examined, and the
ratio of the hysteretic energy absorption in the structure with TMD to that without it is proposed to
be used, in conjunction with the peak displacement ratio, as a supplementary TMD performance index
since it gives an indication of the accumulated damage induced in the inelastic structures. For the ground
motions considered, TMD would be effective in reducing the hysteretic energy absorption demand in
the critical storeys for buildings in the 1.8-2.8s range. The consequence is reduction in damage of the
buildings which would otherwise suffer heavy damage in the absence of TMD, resulting in economical
restorability in the damage control limit state, This is of practical significance in view of the current
trend toward performance-based design. Copyright © 2001 John Wiley & Sens, Ltd.

KEY WORDS: tuned mass dampers; moderate ground motion; distant earthquakes; elastic—perfectly plastic
behaviour; hysteretic energy absorption ratio; performance index; damage reduction

1. INTRODUCTION

The effectiveness of tuned mass dampers (TMD) in vibration control of buildings for service-
ability condition under wind load has been widely recognized. However, their usefulness in
control of building motion undergoing inelastic deformation under earthquake excitations is
not yet universally accepted. Kaynia et @l. {1] made a preliminary assessment of the seismic
effectiveness of TMD for c¢lastic—perfectly plastic single-degree-of-freedom (SDOF) systems
under an ensemble of historical earthquake motions recorded at western United States sites.

* Correspondence to: P. Lukkunaprasit, Department of Civil Engineering, Chulalongkom University, Bangkok 10330,
Thailand.,
t E-mail: Ipanitan@chula.ac.th

Contract/grant sponsor: Thailand Research Fund
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With the use of TMDs small reduction in cumulative yielding ductility was observed whercas
the reduction in ductility ratio was insignificant. Sladek and Klingner [2] studied the effect of
TMD on scismic response of a 25-storey building equipped with a TMD with a generalized
mass ratio of 0.026, designed in accordance with Den Hartog (3], Under the 1940 El Centro
carthquake. with the structural model undergoing stifiness degrading non-lincar deformation,
the peak tip displacement response was found to be almost unaffected. and yielding at the
base of the core walls could not be eliminated despite the presence of the TMD. Chowdhury
et al. [4] attempted to assess the cffectiveness of TMDs as useful ascismic control devices
by evaluating the inelastic response of the building considered by Sladek and Klingner {2}
under various ground motions caused by western U.S. carthquakes with source distances of
8-43 km. For the range of TMDs considered with generalized mass ratio and TMD damping
varying from 5-18 to 4—19 per cent, respectively, the peak-response of the building with TMD
to that of the uncontrolled one was found to be 1.05-0.74, depending on the absorber mass
and damping, with increasing peak response reduction for increasing generalized mass ratio in
general. The significant statistical dispersion of the peak-response ratios led the investigators
to be doubtful of the benefit of TMDs as aseismic control devices. Bernal [5] examined the
behaviour of an inelastic SDOF structure-TMD system under the 1985 Mexico City (SCT)
excitation which is narrow band with long duration. Reduction in the maximum displacement
response was found to decrease with increasing inelastic excursions.

Not all the re®earchers, though, are not in favour of TMD. Jagadish et al. [6] investigated
the seismic responses of a family of inelastic two-storey buildings with the top storey acting
like a vibration absorber for horizontal ground motions. The study indicated that a reduction
of 50 per cent in the ductility demand on the lower storey was possible under the 1952 Taft
earthquake ground motion. Jara and Aguifiiga [7] studied the effectiveness of elastic TMDs
in the vibration control of ¢lasto-plastic SDOF systems under the Mexico City (SCT) ground
motion. It was found that significant reduction in the maximum responses of 25-40 per cent
could be obtained with mass and damping ratios of 4-6 per cent when the ductility demand of
the main system was equal to 4.-Recently, Soto-Brito and Ruiz [8] investigated the effectivencss
of TMD for a 22-storey reinforced-concrete frame under moderate and high-intensity ground
motions. The study indicated that TMDs could be efficient in reducing the interstorey drifts
of buildings undergoing small nonlinearity caused by moderate earthquakes. However, the
efficiency of the TMDs would be much reduced under high-intensity ground motions.

From the literature review it may be observed that most studies, except the ones by Bernat
(5], Jara et al. [7] and Soto-Brito and Ruiz [8], focused on ground motions which were pre-
dominantly broad band high-frequency excitations of short duration. Therefore, the findings
obtained cannot be generalized for the case where the excitation is narrow band and of long
duration, which is characteristic of the motion induced by long-distance earthquakes. Since
many big cities in moderate seismic risk regions, such as Bangkok and Singapore, are known
to be situated sufficiently far away from major active faults, the efiect of long-distance earth-
quakes, which tend to produce resonance-like motion in medium to high-rise buildings, is
of concern. The harmonic-like ground motion from long-distance earthquakes coupled with
long excitation duration leads to a favourable condition for the TMDs in vibration control of
buildings. While several studies exist which were directed toward high-intensity earthquake mo-
tions, little attention has been given to moderate ones, for which TMD should be of advantage
in reducing damage in buildings which would otherwise be heavily damaged if the TMDs
were not equipped. Furthermore, improved performance of buildings is also of increasing

Copyright © 2001 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2001; 30:537-551

10



INELASTIC BUILDINGS WITH TUNED MASS DAMPERS 539

importance in view of the current trend toward performance-based design which, depending
on the performance objectives, might call for cconomical restorability under the damage con-
trol limit state. Due 1o the use of the displacement-based indices in previous studies, the effect
of cumuiative damage in the main structure duc to cyclic deformation of the inelastic mem-
bers cannot be accounted for in the evaluation of the TMD effectiveness. Therefore, a detailed
examination of the accumulated energy dissipation affected by TMD is needed, and the ratio
of the hysteretic energy absorption in the structure with TMD to that without it is proposed
to be used, in conjunction with the peak displacement ratio, as a supplementary TMD perfor-
mance index, since it gives an indication of the accumulated damage induced in the inelastic
structures.

This study focused on moderate seismic risk regions. The effectiveness of TMD in re-
ducing damage in buildings undergoing inelastic deformation under ground shaking pertinent
to moderate seismic zones is demonstrated through numerical examples. For simplicity, the
elastic—perfectly plastic behaviour was assumed for the main structure which was modelled
as an N-storey shear building, and geometric non-linearity was not considered. Linear TMDs
were employed by virtue of their simplicity and robustness.

2. EQUATIONS OF MOTION

Although the formulation of the problem is straight forward [9], an alternative approach is
proposed which can be readily implemented to modify the existing non-linear dynamic analysis
programmes to solve structural systems incorporating TMDs without much difficulty.

Consider an N-storey shear building with a TMD attached at the top as shown in Figure 1.
Denoting u(¢) as the lateral floor displacements relative to the base and u,(¢) as the horizontal
ground displacement at any time ¢, on¢ may visualize the TMD sub-system as being subjected
to the excitation of the top floor én(¢) + fiy(¢), and hence amrive at the equation of motion of
the TMD sub-system as

mz(1) + c2(t) + kz(t) = — m{idg(t) + iin(t)) (1)

where z(¢) is the relative displacement of the TMD mass with respect to the top floor and m,
¢, k are the mass, damping coefficient and stiffness of the added mass, respectively. The main
structure sub-system, i.e. the building with TMD detached, is thus subjected to the ground
acceleration iZ,(¢) as well as an interactive force Py(¢) induced by the motion of the TMD at
the top floor, assumed to act in the horizontal direction, where

Pu(tY=kz +cz (2)
The equations of motion of the main structure sub-system can thus be simply written as
Mii(s) + Ca(t) + Fs(u, i) = F(¢) + P(¢) 3)

where M and C are the mass and damping matrices of the main structure and Fg(u,u) is
the vector of resisting forces in the columns, assumed to follow the elastic—perfectly plastic
hysteresis law. E;(¢) is the effective force due to ground motion given by

F(1)= — Megilg(1) 4)

Copyright © 2001 John Wiley & Sous, Ltd. Earthgquake Engng Struct. Dyn. 2001; 30:537-551
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Figure }. Model of an N-storey shear building—TMD system.

in which e, is a displacement influence coefficient vector associated with a unit support dis-
placement, which is a column vector with elements of 1’s in the case of a shear building;
and

P(t):[oi""PN(t)]T (5)

It is worth noting that the formulation given can be applied to a general MDOF system with
proper treatment of the interactive force and effective force due to ground motion.

Equations (1)—(3) can be combined to yield the equations of motion governing the vibration
of the (N+1) DOF main structure-TMD system. For the special case of a SDOF main structure,
the resulting equations of motion are

(M +m)i (1) + Cuni(2) + Fa(uy, i) = — (M) + mig(t) — mz(t) (6)
and
mz(t) + cZ(t) + kz(t) = — m{iig(t) + i, (1)) )]
which are usually found in the literature.

Copyright © 2001 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2001; 30:537-551
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3. AN ITERATIVE SCHEME

We propose to work with the sub-systems as governed by Equations (1) and (3) rather than
conventionally solving the combined system of (N + 1) DOF. The associated incremental
equations of motion can be easily derived by considering the states at times f; and ¢,,. Thus,

MAUG; + CAW; + AFs; = AF, + AP, (8)
mAZ; + cAzZ; + kAz; = —m{Adiy; + Adiyy) %)
where

Ag; =u(t ) — u(t) (10a)
AFg = Fo(ujpp,tii ) — Fo(u;, 0;) (10b)
AFy = —Mey(itg(ti41) — lig(4:)) (10c)
AP, =[0,... ,APy]" (10d)
APy = c(E(tinr) — 2(t)) + k(@(tiar) — 2(4)) (10c)
Az =z(tiy1) — 2(8) (10f)
Adig; = ig(tiy1) — fi(ti) (10g)
Aity; = iin(ti41) — tin(l;) (10h)

For any time step f~f;1, with incremental ‘effective seismic force’ acting on the system,
the main structure sub-system would first be assumed to receive no ‘incremental’ interactive
force from the TMD. The ground motion would induce an incremental motion (Aw;, Ad;, Ai;)
to the main structure. This incremental motion, which is obtained by solving Equation (8),
is then introduced to further excite the TMD, and the induced incremental motion of the
TMD is obtained by solving Equation (9). The incremental interactive force, APy (¢t) at the
main structure—TMD interface is then obtained and fed back to the main structure, and the
iteration process is carried out by iteratively solving Equations (8) and (9) successively until
the incremental displacements approach converged values (within an acceptable tolerance).

The incremental equations of motion can be conveniently solved using the well-known
Newmark method [10, 11]. For the example problems given herein, which involve only a
small number of DOF, the linear acceleration method was chosen. The integration time step
employed was in the order of 0.05 times the smallest natural period of vibration of the structure,
which was much smaller than that required to ensure a stable numerical solution.

4, TMD EFFECTIVENESS INDEX

The most commonly used index to measure the effectiveness of tuned mass dampers is
the peak response ratio which is the ratio of the peak response of the maximum relative

Copyright © 2001 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2001; 30:537-551
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Table 1. Properties of the main structural model and TMD (7, =2.05s).

Storey no. Storey mass Stiffness Yield strength
(Mg x 10%) (kN/m x 10%) (kN x 10%)

5 0.28 3.70 2.94

4 0.48 431 3.67

3 0.53 493 4.40

2 0.57 5.55 5.14

1 1.18 6.16 5.87

Note: TMD mass = 752 Mg; stiffness = 6.60 x 10? kN/m; & = 14.6%.

displacement of the building with and without TMD. Obviously, this measure cannot account
for the effects of accumulation of damage that occurs in an elastic-plastic system under cyclic
loading. Therefore, the effectiveness of TMD cannot be solely judged from the peak response
ratio. Since cumulative damage is related to the hysteretic energy absorbed during cyclic load-
ing [12], it 1s quite natural to adopt a hysteretic energy absorption ratio, pg, In conjunction
with the peak displacement ratio, as a measure of the effectiveness of TMD, i.e.
Eh TvD
g = —hIMD (1)
p Eno

where Eymvp and Epp are the accumulated hysteretic energy absorption in the system with
and without TMD, respectively.

5. NUMERICAL STUDIES

5.1. Building with fundamental period close to predominant period of ground motion

To examine the usefulness of TMD in improving the performance of buildings under long-
distance earthquakes, a tall building in Bangkok whose natural period (77) was 2.0 s was
first taken as a case study. For simplicity, the building (without TMD) was idealized as a
5-DOF elasto-plastic shear building. The storey stiffness and yield strength were assumed to
vary linearly with height, with the values of the top storey being 60 and 50 per cent of those
in the bottom, respectively. The bottom storey yield strength was taken as 1/4 of the elastic
base shear which would result if the building were subjected to the scaled Mexico ground
motion, to be defined in the next section. The damping ratio of the building was taken as
2 per cent for each mode of vibration, The TMD damping ratio and tuning frequency were
based on the Den Hartog method [3] with a moderate mass ratio of 6 per cent selected for
practical purposes. Table I lists the relevant properties of the main structural model and the
TMD.

The ground motions considered were the 1985 Mexico city (SCT) record and the 1995
Bangkok accelerogram recorded at the base of the Baiyoke tower whose fundamental period
of vibration is 2.5s. The peak ground accelerations (PGA) were scaled to the value of 0.10
times the acceleration due to gravity (g) to represent moderate ground shaking. In view of the
long duration of excitation together with excessive damage in Mexico City caused by the 1985
Mexico earthquake, the scaled ground motions can be regarded as representatives of strong
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Figure 2. Scaled ground motion records: (a) 1985 Mexico city (SCT); (b) 1995 Bangkok.

ground shaking in a moderate seismic risk area. In fact the PGA of 0.1g was about twice
of that from the SCT-89 record considered by Soto-Brito and Ruiz [8] as moderate ground
motion. Figure 2 shows the ground motion records, and the associated response spectra are
shown in Figure 3. As is widely known, the Mexico record is significantly narrow band with a
predominant frequency of 0.5 Hz. On the other hand, the Bangkok record, which resulted from
an earthquake event whose epicentre was about 900 km from Bangkok, contains not only the
predominant low-frequency component with 0.44 Hz, but also significantly higher and lower
frequency components as well.

Figures 4-7 illustrate the displacement and base shear responses. Also plotied in the figures
are the resulis for the uncontrolled building. It may be observed that for the scaled Mexico
ground motion, the peak displacement for the building with TMD was reduced by a small
amount of 12 per cent from that of the uncontrolled building, which was deformed to the
plastic range as many as 12 cycles in the bottom storey. It is interesting to note, however,
that the number of yielding cycles in the ground floor columns was reduced significantly by

Copyright © 2001 John Wiley & Sons, Lid. Earthquake Engng Struct. Dyn. 2001; 30:537-551
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Figure 3. Response spectra of scaled Mexico and Bangkok ground motions
(0.10g PGA, 2 per cent critical damping).
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Figure 4. Displacement response of elasto—plastic shear frame with
71 =20s to scaled Mexico (SCT-85) ground motion.

about 70 per cent with the aid of TMD (Figure 5). Clearly the building with TMD would
suffer much less damage than the one without it. This could be best quantified by means of
the accumulated hysteretic energy absorption of the bottom storey since it accounted for about
80 per cent of the total hysteretic energy absorption in the building. The dissipated energy in
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Figure 5. Base shear response of elasto~plastic shear frame with
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Figure 6. Displacement response of elasto—plastic shear frame with
Ty ==2.0s to scaled Bangkok ground motion.

the ground floor columns of the controlled building was found to be only 20 per cent of that
in the uncontrolled one,

For the Bangkok ground motion, the peak displacement reduction was almost 20 per cent,
and the reduction in the hysteretic energy absorption in the ground floor columns was as much
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Figure 7. Base shear response of elasto—plastic shear frame with
P Ty =2.0s to scaled Bangkok ground motion.

as 90 per cent. An inspection of the base shear response history reveals that the ground foor
columns experienced only 1 cycle of yielding in the case of the Bangkok ground motion,
compared to 4 for the case of the scaled Mexico earthquake. The hysteretic energy absorption
for the Bangkok excitation was only about 10 per cent of that caused by the scaled Mexico
earthquake. Hence the detuning effect was much less in the former case, leading to more
effectiveness in TMD performance.

It 1s evident that TMD is beneficial for the building concerned, and its effectiveness can be
attributed to the long duration and harmonic-like nature of the input excitations. Such ground
motions, typical of long-distance earthquakes, tend to excite the building in resonance when
the natural period of the building is close to the predominant period of the ground motion,
and it takes some time before the peak response is attained, thereby allowing the TMD to
play its role.

5.2, TMD performance with variation of building natural periods

It is interesting to investigate how TMD performs for buildings whose fundamental periods of
vibration are different from the predominant period of the ground motion. A family of buildings
with periods of 1.7, 1.8, 2.15, 2.27, 2.6, 2.8 and 3.0s were subjected to the scaled Mexico and
Bangkok excitations. The 2.27 s period was included to match the predominant period of the
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Tabie 11 Properties of the building-TMD system with various periods.

Storey nu. Storey mass
(Mg) x 10*

T 1708 70 180s Ty =2.15s T'=227s T)=260s T =280s 71 =3.00s

5 0.16 0.17 0.28 0.28 0.25 0.27 0.29
4 0.28 0.30 0.48 0.48 0.44 0.47 0.50
3 0.31 0.33 0.53 0.53 0.48 0.52 0.55
2 0.33 0.35 0.57 0.57 0.51 0.55 0.59
1 0.69 0.74 1.18 1.18 1.06 1.14 1.23
K (kN/m) % 10° 5.04 4.76 5.33 4.78 3.29 3.06 2.86
Fyy (kN)x 107 1.31 2.01 4.64 4.70 3.37 2.71 141
mup (Mg) 444 471 752 752 680 732 784
Kevp (KN/m)x 107 5.40 5.10 5.71 5.12 3.53 3.28 3.06
Ervp (%) 14.6 14.6 14.6 14.6 14.6 14.6 14.6

Bangkok earthquake excitation. Again, the buildings were equipped with the Den Hartog TMDs
with a genecralized mass ratio of 6 per cent. The building and TMD properties are listed in
Table II. As in the previous case, the bottom storey shear strengths were assigned values of
1/4 of the elastic solution based on the scaled Mexico ground motion, except for the 2.15
and 2.27 s period buildings whose base shear strengths were adjusted as described in the next
section. The variations in storey stiffnesses and shear strengths with height were in the same
manner as in the previous case.

As is evident in Figure 8, within the building periods of 1.8-2.8 5, the peak displacement
ratio fluctuates in a narrow range of 0.78-1.0 and 0.71-0.97 for the scaled Mexico and Bangkok
ground motions, respectively, while the hysteretic energy absorption ratio for the bottom storey
varies between 0.10 and 0.61 as depicted in Figure 9. The TMD performance is close to
optimum when the building period is in the neighbourhood of the predominant period of the
Mexico ground motion. Elsewhere, the detuning effect will be more pronounced leading to
deterioration in TMD performance. It may be observed that over the building period range of
1.8-2.8 s, the reduction in the dissipated energy is 40 per cent or more even though there is
negligible reduction in the peak displacement response. The number of yielding excursions in
the bottom storey is also reduced by more than 40 per cent in general. The results clearly
indicate that TMD can be effective in reducing the inelastic deformation, with the consequence
of less damage, for buildings in the 1.8-2.8 s period range when they are subjected to motions
with characteristics similar to the Mexico City (SCT) or Bangkok earthquakes.

3.3, Fine tuning of storey yield strength

As mentioned in the last section, the storey yield strength was based on the elastic response
which resulted from the scaled Mexico ground motion. The elastic base shear attained a peak
value at the building period of close to 2 s and fell quite sharply. With the bottom storey yield
strength taken as 1/4 of the elastic solution, the values would be 58,700 and 34,100 kN for
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the buildings with periods of 2.0 and 2.15 s, respectively. One may observe that the bottom
storey yield strength decreased by as much as 42 per cent with an increase in building period
of only 7.5 per cent. The sharp reduction was due to the effect of narrow band excitation.
With the bottom storey yield strength taken as calculated, the peak displacement ratio for
the 2.15 s period building was found to be 1.17. However, with the base shear strength of
this building taken as the average of the values of the two buildings, the peak displacement
ratio was reduced significantly from 1.17 to 0.78. In practice, a change in building period of
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7.5 per cent is considered insignificant, and it would not be sensible to design the 2.15s
period building with only 60 per cent of the storey yield strength of the 2 s period building.
Therefore, it would be appropriate to fine tune the storey yield strength of the building so that
better performance of the building is achieved.

5.4. Damage reduction by TMD for moderate ground shaking

To examine further the benefit of TMD, the performance of two buildings was investigated un-
der increasing peak ground accelerations. The fundamental periods of the buildings considered
were 2.0 and 2.6 s. Figure 10 depicts the hysteretic energy absorption in the bottom storey of
the main structure-TMD system as a function of the normalized hysteretic energy absorption
ratio, with PGA values shown in the figure. The normalized hysteretic energy absorption, fg,
is defined as

Ey v
= : 12
B Tub,e (12)

in which Ey tmp is the accumulated hysterctic encrgy absorption in the bottom storey of
the building with TMD, and f,; and A, are the storey yield strength and relative yield
displacement of the bottom storey, respectively. The normalized hysteretic energy absorption
could be generalized to include all members, but only the bottom storey was considered here
since it accounted for a large portion of the hysteretic energy for the buildings considered.
As mentioned earlier, the earthquakes considered in this study were intended to represent
rare events in moderate seismic risk regions. The buildings without TMD, though capable of
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withstanding the ground shaking, would suffer significant damage. Depending on the design
for ductility as well as characteristics of the hysteresis loops, a value of 15 or more may
be the ultimate limit of the normalized hysteretic energy for moderate level ductility, which
needs to be cahbrated against experimental results. Taking a value of 15 as the limit, for
instance, the 2s peniod building without TMD would be on the verge of collapse under the
scaled Mexico ground motion with PGA of 0.10g. However, with the contribution of TMD,
the critical columns in the building-TMD system are now called upon to dissipate only 20 per
cent of the hysterctic energy of the system without TMD (see Figure 10), while the ductility
demand is also reduced slightly. Consequently, the building with TMD would survive the
carthquake with much less damage. Likewise, the 2.6 s period building, which would be very
severely damaged under a PGA of 0.13g in the absence of TMD, would survive with moderate
damage with the help of TMD, and hence it would be less costly to repair. This is of practical
significance in view of the current trend toward performance-based design.

As already found by previous researchers, TMD deterioration in performance is again ob-
served with increasing hysteretic energy dissipation.

6. CONCLUSIONS

The effectiveness of TMD in vibration control of buildings undergoing elasto-plastic defor-
mation was investigated under moderate ground shaking induced by long-distance earthquakes
with frequency contents resembling the 1985 Mexico City (SCT) or the Bangkok ground
motion. The following conclusions can be drawn from this study:

1. Unlike in an elastic system, the commonly used peak displacement ratio cannot give a
good indication of the TMD effectiveness for an ¢lasto—plastic building, since significant
reduction in the dissipated energy may result in a building with TMD even though only
a small reduction in the displacement response is effected by the presence of the TMD.
The hysteretic energy absorption ratio should be supplemented as another performance
index because it reflects the amount of dissipated energy in the yielding elements in both
the controlled and uncontrolled buildings, hence the extent of damage induced.

2. For the ground motions considered which have predominant periods in the range of 2-
2.3s, the TMD can be employed to effectively reduce the hysteretic energy absorption
demand in the critical storeys for buildings in the 1.8-2.8 s range. For a building whose
bottom storey yield strength is taken as 1/4 of the elastic value resulting from the scaled
Mexico ground motion, with appropriate fine tuning near the resonant frequency, this
reduction can be as large as 40 per cent or more.

3. For a well designed system, the TMD can be used to advantage to reduce the damage of
buildings which would otherwise suffer heavy damage in the absence of TMD, resulting
in economical restorability in the damage control limit state.

4. Although optimizing of system characteristics was beyond the scope of this paper, a case
study was carried out in which fine tuning of the base yield strength was found to be
advantageous in improving the performance of the building.
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Abstract

The control effectiveness of a semi-active tuned mass damper {(STMD) with variable dumping under harmonic excitation is
studied. An optimaf control law governing the variation of damping of the damper is derived using the optimal control theory. A
situation in which the damping can be varied within a certain range is included. Employing the numerical technique. the responses
of a single-degree-of-freedom (SDOF) structure coupled with an STMD are investigated. The control effectiveness of the STMD
i~ evaluated by comparing the structure’s transient and steady-state responses with those of the structure coupled with a tuned mass
damper {TMD1}. It is found that. under harmonic excitation. the vibration suppression by an STMD is significantly superior 1o that
of a conventional passive TMD in both transient and steady-state responses. This improvement is equivalent to an increase of the
TMD's mass by about four times. © 2001 Elsevier Science Ltd. All rights reserved.

Kevwords: Hurmonic excitation: Tuned mass dumper: Semi-active mass damper: Vibration control

1. Introduction

To minimize vibration, reduction of the external dis-
turbance to a sysiem is always the preferred countermea-
sure. but, in many cases. this may not be possible. Modi-
fication of the system to avoid resonance may entail
significant redesign. Furthermore. it would be difficult
to apply to existing structures. Thus, vibration dampers,
which can be simply attached to the existing system to
reduce the vibration without drastically altering the orig-
inal system, have been developed.

The passive tuned mass damper (TMD) is undoubt-
edly a simple, inexpensive and reliable means to sup-
press the undesired vibrations of systems. However, its
performance is limited because of fixed damper para-
meters. The very narrow band of suppression frequency,
the ineffective reduction of non-stationary vibration, and
the sensitivity problem due o detuning are the inherent
limitations of the passive TMD [1,2]. It has been estab-

* Comresponding author. Tel: +66-2-218-6460; fax. +66-2-251-
T304,
E-mail  addresses:  feetpk@eng.chula.ac.th
fujino@bridge t.u-tokyo.ac.jp (Y. Fujino).

(T. Pinkaew),

lished that the addition of an active force actuator can
considerably enhance the TMD’s effectiveness [3]. This
passive TMD with an actuator is known as the active
tuned mass damper or hybrid mass damper.

Active tuned mass dampers (ATMDs) have been stud-
ied extensively for the last two decades [4]. It has been
reported that. in all cases. the ATMD can provide better
suppression performance of structural vibrations than the
passive TMD. Although the ATMD demonstrates
superior performance than the best possible passive sys-
tem, the active system is more costly, more complex and
needs careful maintenance. This makes it less reliable
than the passive system. Thus the implementation of
ATMDs has been limited to certain cases. Recognizing
both the performance benefits as well as the limitations
of active systems, the concept of a semi-active mass
damper has been introduced.

As an extension of the semi-active damping concept
that has been successfully applied to a broad class of
vehicle vibration isolation problems [5-7], a semi-active
tuned mass damper (STMD) with variable damping has
been proposed for structural vibration control, For this
kind of damper, a passive damping device is replaced by
an adjustable damping device such as a variable-orifice

O141-0296/01/% - see front matter © 200§ Elsevier Science Lid. All rights reserved.
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hydrautic damper or a device using magnetorheological
fluid. Since only a small amount of active energy 15
required to modulate the damping of such devices, the
need for a large energy supply as required by the ATMD
is eliminated. Hence, it provides an extremely promising
alternative to passive and active tuned mass dampers.
Hrovat et al. [8] tnvestigated the benefits of using an
STMD for the suppression of wind-induced vibration.
Assuming a specific type of wind loading. similar per-
formance for the STMD and ATMD wus reporied.
Hidaka et al. [9] conducted an experimental study of an
STMD coupled with a three-storey building model under
support ground motion. The objective was 10 reduce the
structural response at several frequencies of vibration
with a single mass damper. Using their proposed neural
network control technique, they concluded that the
vibration response at the first and second natural fre-
quencies of the structure could be reduced. However,

there is no explicit study on the control performance of

STMDs under harmonic excitation. which provides very
useful information for a wide range of control appli-
cations,

The purpose of this puper is to investigate the contro!
characteristics of the STMD for vibration suppression in
harmonically excited structures. Employing a numerical
technique. the transient and steady-state responses of
structures coupled with a TMD and with an STMD are
compared und discussed.

2. Optimal semi-active mass damper
2.1 General solution

A model representing a structure attached 1o the semi-
active tuned mass damper (STMD) is shown in Fig. 1.

c(tfy STMD

m

T

AR

e

77\ 77\

Fig. 1. Structure with STMD systen.

28

The equations of motion are written in the foliowing
state—space description as

O=Ax()+Bu,,, (). {1

where x{1) 15 i system state vector. A IS a system malrix.
B is a control contribution vector and

lr-:uln;(‘f):xrr('rJTC“) (2)

is a semi-active control force which is the product of a
state vector, x(1), a transformation vector, T, and a vari-
able damping coefficient, ¢{t). The design objective is to
find the optimal damping control ¢{r) that minimizes the
quadratic performance index [10]

n

S J (XTNQX(N+ 1l D) de+ X7 ()P, x{1) (3)
8]

subjected 1o the dynamic constraints (1) and (2). [n Ey.
{3), Q is a positive semi-definite matrix, r is a positive
constant, P, is a positive semi-definite matrix and 7, is
the final time of a control interval.

Similar to the determination of an optimal semi-active
vehicle suspension system [10]. it is convenient to first
consider the corresponding optimal solution tor the
active syslem cuse. Then the optimal solution for the
semi-uctive case 1s determined by minimizing the vari-
ation of performance index. which deviates from its
active optimum due to the introduction of a semi-
active systen.

Replacing w7y in Eq. (1) by wr,i..(7). the equations
of mouon for the system become

S=AX(N) Bty (4. (+)

[n writing the above equation, u,.;.(f) 15 an active con-
trel force which can be arbitrarily assigned without con-
straint (2) as in a semi-active case. The fully active opti-
mal control. i,.,..(7). which minimizes the quadratic
performance

T

J.lL[I\e J’[‘(T(I)QY(!)'FIHJ‘.“\{([)] d[-l—xT(f )P{J\(I ) (5)
]

is known to be [11]

Ui (== 'BTPOX(). (6)

where the co-state matrix, P(r), is obtained from

PU)=—ATP(N-P()A—Q+P(OBA BP0, P(1) (T
=p,

To find the performance deviation due to the introduc-
tion of a senu-active constraint (2), we consider the time
derivative of the term x"(NP(Nx(r), and obtain

— dgr(xT(r)P(r)x(r)): — " (OPOX(D—X"P(Ox(H) (8
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=~xT(OP(N%(1).

Using the identity

Pt il = Macrive(1))7 = 18 i(1) )
+X(OPOBA ' BTP(OX(6)+ 2XT(OP(O B, i1

and consulting Eqgs. (4) and (7), the integration of Eq.
(8) from time =0 to =t; can be written as

iy

xT(O)P(O)x(O)—xT(r,-)P,'x(r.-)=J[xT(r)Qx(t) (10)
0

l‘r

+r“§cti\’e(!)] dr—f[r(“\cmi(!)—um.'tivc(!))z] d‘r'

4]

Taking the limit as #~= and assuming P, =0, we can
now relate the performance index of the general semi-
active system to that of the corresponding active sys-
lem as

w

J\cnu=Juclitc+f[r(llaerni(f)_ ”uclive(’)):] d{a ( i I )

i

where J,.;..=X"(0)P(0)x(0) and 11,.,;, (1) becomes the ste-
ady-state optimal solution of an active case computed
from Egs. (6) and (7) with P(1)=0.

Eq. (11) shows that the performance index of a semi-
active system is always greater than that of the optimal
active system, which depends only on initial conditions.
It also reveals that the minimization of the performance
index, J...; is tdentical to the minimization of the inte-
gral term since J,.. does not depend on (1), Obvi-
ously, the integral term, which is a quadratic in
{teermilt) — Uaeive(£)), is minimized by the optimal solution
UgemilD)=Uocrine(f). However, in the application of the
semi-active tuned mass damper, the control force 1, (1)
may not be able to produce such optimal force; therefore
the solution of a semi-active system is an optimal sol-
ution which minimizes the above equation while
satisfying its constraint in producing the control force.

Using the calculus of variations and assuming that the
semi-active control force w,..;() becomes bounded, the
optimal solution to Eq. (11) for the deterministic case
has been solved by Tseng and Hedrick {10]. The solution
is the time-varying solution of the so-called two-point
boundary-value problem. Thus the feedback control
obtained depends on the future of system dynamics, and
consequently it is difficult to implement in actual appli-
cation. Therefore the class of suboptimal control solution
that is more attractive toward the implementation is con-
sidered in the following.

Instead of directly minimizing the whole integration,
the control law is obtained by minimizing the instan-

taneous error resulting  from  the  difference
(Uil — toeine(£)). This leads to the minimization of
the function

LEY= (e (D) ~ taer oL DY. (12)

Let us consider the STMD having variable damping
coefficient, (). and the relative velocity, 2(f), installed
on a structure as shown in Fig. 2. By adjusting the damp-
ing. c(r). the semi-active control force can be produced
as

Ueernd )= —(1)3(2). (13)

A situation in which the damping, c(r), can be varied
only within a certain range is considered. The variable
damping coefficient. ¢(r}, is assumed to be variable in
the range

(‘IUIHSC(I)ECITKIX‘ ( 14)

To find the optimal variation of damping coefficient,
which minimizes the performance measure (11) sub-
jected to the inequality constraints (14), we define the
Lagrangian [12]

|
Hicin, A, l;)z;}'L{('UH'F/l @ el +A.galeln), (15)

where

glel=c(t)— ¢ =0 (16a)
and

8Ac(1)) = Cpmg — (1) =0 (16b)

are the imposed inequality constraints and 4,, 1,=0 are
the Lagrange multipliers.
The necessary condition for a minimum becomes

oH_1dL  dg, . dgs_
de 2dc A, dc s de

By substituting Eq. (12) into Eq. (11) and then into Eq.
(17), we get

A | toeioell)
@y X0

' 2(6)

(1) STMD

e

P e Rt R e T e T |

0. (17)

CoplD)= for (1) #0, (18)

bt |

B

Fig. 2. Semi-active mass damper (STMD) system,.
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More precisely. we have an optimal vaciation of damp-
ing cocfficient as

'!'_"ucli\:e(!)
)]
where the SAT function saturates between ¢, and ¢q, -

The sufficient conditions that the obtained solution is
minimum are ensured by Eq. (17) and

Cnp.(f)=SAT( ) for 2(n+0, (19

Py

5 =E0=0. (20)

A graphical interpretation of the value of the optim-
ized parameter, ¢, (f), is plotted in Fig. 3. In this plot.
the variation of ¢, {t) occurs only when the term
Haeive (/20 Nies within a variable range. Otherwise it is
set 10 either the maximum or minimum value.

The control law (19) can also be obtained by direct
inspecticn of Egs. (11)-(13), and it should result in the
so-called clipped opiimal control [8]. However, the
mathematical derivation given here i1$ a more rigorous
approach.

3. Yibration control of single-degree-of-freedom
(SDOF) system

3.1 Problem formularion and system properties

In the following numerical examples. an STMD is
employed to reduce the vibration of the main structure
modeied by an SDOF system subjected to an excitation
Ay as shown in Fig. 4. The equations which govern the
vibration of the system are

() Fm)¥ (D +o (0 +k o (D= —m.2(n) (21)
and
w2+ (D20 T kaz() = —ma5, (), (22

where x,{r} and z(r) represent, respectively. the displace-
ment of structure and the relative displacement of the

Copt(£)
T

Crnax -

Crmin

J'i JI 3 uaclive (f)
Crin Crnax Z(!)

Fig. 3. Optimal value of damping parameter (1)
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k, i
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— x ()

C

1|_ kl

|

Fig. 4. Structure=STWVD model.

mass damper. The time-dependent damping of the
STMD, esx(r). in Eg. (22) is computed according 1o the
control law (19} derived in the previous section.
Througheut the simulations, the main structure is
assumed to have the natural frequency of 3.0 Hz and the
damping ratio of 2.0%. The STMD 1s assumed to have
the mass ratic of 3.0% and the minimum anrd maximum
damping coefficients of 0.001 and 3.403 N s/m. respect-
ively. In computation of the semi-active control law, the
control weight matrix. Q. 15 assigned such that the term
xX"(HQx{r) in Eq. {(2) becomes the vibration energy of
the main structure, ris selected to give the corresponding
active closed-loop system having two pairs of natural
frequencies and damping ratios of f=2.19 Hz and
£:=21.53%, and f,=3.68 Hz and &,=32.04%. respect-
ively. For performance comparison, a TMD with the
same mass ratio (3% is considered and its parameters
are optimized according to the type of excitations [13].

3.2. Response under free vibration

The structure 15 assumed to have the initial velocity
of +10 cm/s while the mass damper is assumed to start
from rest. Fig. 5 shows the displacement histories of the
structure under the TMD and STMD. It can be seen from
the figure that the performance found by application of
the STMD is significantty better than that of the TMD.
In particular, the STMD improves (by a reduction of
about 20%) the root-mean-square of the displacement of
the structure. However, there is ro significant vibraticn
reduction gained from the STMD in the first cycle of
vibration. To explain this inefficiency, the power
demand and the control characteristic of the STMD are
investigated further.

Fig. 6(a) and (b) shows the power demand and the
normalized damping variation of the STMD, respect-
ively. In Fig. 6{(a). the time history of the semi-active

power that is done by the semi-active sysiem and the

desired power history that is indeed required by the cor-
responding active systen: are compared. These power
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Fig. 6. Free-vibration responses of STMD: {a) power demand and {b) damping variation of STMD.

histories are calculated from P(f)=u(n)i(1), where u(s) are
Set 10 temi(f) for semi-active power and 1y ..(f) for the
desired power. It should be noted that positive power
means a supply of energy to the system, and negative
power means a dissipation of energy from the system.
Clearly, the plot reveals that the STMD requires a supply
of energy for the first few cycles. In fact, the mass
damper needs sufficient dynamic with proper phase
before it can effectively suppress the structure’s motion
since the magnitude of control force resulting from the
mass damper depends on the dynamics of the mass
damper itself. However, the STMD, which utilizes the
moduiation of damping to achieve the performance of an
active system, cannot supply the energy into the system
because the dashpot always dissipates the energy. There-
fore, for the first 0.80 s, the damping of the STMD is
set to minimum in order to maximize the energy transfer
from the siructure. Nevertheless, this control character-
istic is not effective in the suppression of transient
vibration. A similar incapability due to the lack of suf-
ficient dynamics was also found in the case of using

TMD, as reported by Walsh and Lamancusa [2], Tanaka
and Kikushima [14] and Abe and Igusa [15].

3.3, Response under harmonic excitation

The linear structure attached to the STMD, Eqgs. (21)
and (22), is no longer linear but piecewise linear. It is
known that for a non-linear system the response magni-
fication factor may depend on the excitation, or the sys-
tem response may not be periodic. However, following
the proof of Hac and Youn [[6], it can be demonstrated
that the responses of Eqs. (21) and (22) to periodic exci-
tation are periodic with the same period as the excitation,
and the amplitude ratio is independent of the excitation
amplitude. Therefore the following comparison of the
control performance in the frequency domain is mean-
ingful.

Fig. 7 shows typical time histories of the structure
subjected to harmonic excitation under TMD and
STMD. Assuming that the system starts from rest, the
steady-state amplitude and the peak amplitude are
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Displacement of Structure {cm)

Fig. 7.

o

defined as shown in this figure for STMD. Considering
the frequency range of 2.0-4.0 Hz, Fig. 8 plots the ste-
ady-state amplitude responses of the structure under
TMD and STMD. It indicates that a substantial improve-
ment of steady-state amplitude reduction of the structure,
compared with TMD, can be achieved by STMD. Under
STMD, the suppression band becomes wider and the ste-
ady-state amplitude of the structure inside this band is
considerably smaller. In particular, at the resonant fre-
quency (f,=3 Hz), the sifady-state response of the struc-
ture under STMD becomes 33.1% of that under TMD.
These control improvements are greater than those of an
increase of the TMD’s mass by about four times (see
case p=0.12). However, like TMD, employing STMD
creates two peaks of the structure response found at
J=2.5 and 3.3 Hz. It is noted that, beyond this frequency
range (2.5-3.3 Hz), there is no significant difference
between the steady-state responses under TMD and
STMD. Fig. 9 compares the peak amplitude responses
of the structure under TMD and STMD. Since the peak
amplitude of the structure always occurs within a few
cycles of vibration, the control improvement of STMD
is expected to be lower than that in the steady-state
amplitude case. This is due to the lack of sufficient
amplitude of STMD as previously explained in free-
vibration conditions. However, the figure reveals that the

2.5 3
Time (s)

Typical harmonic responses of the structure under TMD and STMD ({excitation frequency of 3.0 Hz).

STMD can significantly improve the peak amplitude of
the structure over TMD, especially around the natural
frequency of the structure, at which a 20% improvement
can be observed.

4, Conclusion

A semi-active tuned mass damper (STMD) with vari-
able damping under harmonic excitation is studied. An
optimal control law, which minimizes the quadratic per-
formance index for the STMD, has been derived. By
minimizing the instantaneous increasing cost from the
performance index of the corresponding optimal active
system, it is shown that the semi-active optimal control
becomes a clipped optimal control law.

The control of a single-degree-of-freedom structure
attached to an STMD is considered. Through computer
simulation, the control performances of the semi-active
mass damper under free and harmonically forced
vibrations are determined and are characterized by con-
sideration of the power demand.

It is demonstrated that the STMD requires sufficient
amplitude (with proper phase) before it can effectively
suppress the vibration. The semi-active mass damper
with variable damping. though, provides a flexibility of

Steady-state Amplitude {cm)

—T T T T

1 - — = - wjo Damper

' T™MC {12 =0.03)
STMD ( 4 =0.03)

s e

3 3.25 35 175 4

Excitation Frequency (Hz)

Fig. 8. Steady-state frequency responses of the structure under TMD and STMD.
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5 - — - -w/o Damper
. TMD (4 =0.03) ]
v © O STMD{ 1=0.03)

0 . . ‘ s . . ‘ i
2 2.25 2.5 2.75 3 3.25 35 375 4
Excitation Frequency {Hz)
Fig. 9. Peak frequency responses of the structure under TMD and STMD,

varying damping of the mass damper to cope with the
variation of disturbance. It has inherently a limitation
due to the incapability of introducing energy to the sys-
tem. Consequently, its control performance is not effec-
tive during transient periods. However, it is found that
the STMD can substantially improve the steady-state
response of the structure around the tuning frequency
over the passive TMD. Such an improvement is equival-
ent to an increase of the TMD’s mass by about four
times.

Generally, the results obtained in this study indicaie
that the STMD, which is usually cheaper than the active
damper system, offers a substanttally better performance
than the conventional passive TMD. Consequently, it
represents a very attractive alternative for structural con-
trol.
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Cyclic Behavior of Reinforced Concrete Structural Walls
with Diagonal Web Reinforcement
by Chadchart Sittipunt, Sharon L. Wood, Panitan Lukkunaprasit, and Pichai Pattararattanakul

A series af four reinforced concrete walls were tested to failure to
evaluate the influence of diagonal web reinforcement on the hys-
teretic response. Two walls contained conventional horizontal and
vertical web reinforcement, and two walls contained inclined web
reinforcement. Reinforcement details were representative of con-
Struction practice in regions of low to moderate seismic risk. A sin-
gle layer of web reinforcement was used, and the transverse
reinforcement in the boundary elements did not confine the con-
crete core.

Both walls with conventional web reinforcement failed due to web
crishing. Pinched shapes characterized the hysteresis curves for
top displacement and shear distortion near the base. In contrast,
the walls with diagonal reinforcement displayed rounded hysteresis
curves and failed due to crushing of the boundary elements. The
choice of web reinforcemen: did not have a significant influence on
the maximum lateral load resisted by the walls, but measured crack
widths were less, and more energy was dissipated by the walls with
diagonal reinforcement during loading cycles with comparable lev-
els of displacement. Analytical results from finite element analyses
also indicated that the diagonal web reinforcement was effective in
transferring shear force 1o base of walls, especially during load
reversals when most diagonal cracks in concrete remained open
and compressive struts in concrete were not effective in transfer-
ring shear force.

Keywords: reinforced concrete; reinforcement; shear strength; wall.

INTRODUCTION

Observations from previous earthquakes have indicated
that well-designed structural walls can be used effectively as
the primary lateral-load resisting system for both wind and
earthquake loading in multistory bu1ldmgs 2 Because it is
not economical to design slender stmctural walls to remain
elastic during strong canhquakes the inelastic resppnse of
structural walls should be considered during the de51gn pro-
cess.* To survive strong ground motions from severe earth-
quakes, structural walls must be able to dissipate energy after
yielding and should not be susceptible to sudden failures due
to shear or local instabilities.®

Results from previous investigations’>"*® have demonstrated
that structural walls that deform primarily in shear and that ex-
perience large shear distortions have & lower energy dissipa-
tion capacity than structural walls that deform primarily in
flexure. In addition, it was found that walls that experience
large shear distortions were more likely to fail by web crush-
ing, which is caused by deterioration of the compressive
strength of the concrete struts in the web. Experimental .
results®’ have indicated that i increasing the amount of con-
ventional vertical and/or horizontal web reinforcement in
walls that were susceptible to shear failure did not signifi-

cantly reduce the inelastic shear distortion nor appreciably -

improve the energy dissipation capacity. Web crushing fail-

554 : 35

ures were still obgerved in walls designed with a nominal
shear strength that exceeded the nominal flexural strength.’

Subsequent analytical studies'®!! have indicated that the
hysteretic response of walls susceptible to shear failures
could be improved if diagonal reinforcement was used in the
web. Diagonal web reinforcement provided a more effective
mechanism for transferring lateral forces into the foundation,
resulted in lower shear strains near the base of the wall, and
improved the energy dissipation characteristics.

The measured cyclic response of four slender reinforced
concrete structural walls is discussed in this paper. Two
walls have conventional web reinforcement and two have di-
agonal web reinforcement, The experimental parameters
studied in this research are the amount and the orientation of
the web reinforcement. The experimental results indicate
that diagonal web reinforcement can significantly improve
the energy dissipation characteristics of the walls and pre-
vent'web crushing. The amount of diagonal web reinforce-
ment also has an influence on the magnitude of sheur
distortion observed in the specimens.

RESEARCH SIGNIFICANCE

Experience during the 1989 Loma Prieta and 1994
Northridge earthquakes has shown that economic losses cun
be significant in buildings that satisfied the life-safety design
criteria in current building codes. As a result, procedures to
consider the post-earthquake condition of a building when es-
tablishing design limit states are currently being developed.
Diagonal web reinforcement in structural walls appears to be
one way to control structural damage using conventional
methods of construction.

EXPERIMENTAL PROGRAM
Four reinforced concrete wall specimens were constructed
and tested at Chulalongkorn University to investigate the in-
fluence of diagonal web reinforcement on the hysteretic re-
sponse of structural walls. The experimental parameters
included the anzrount and orientation of the web reinforcement.

Test specimens .

The dimensions of the specimens are shown in Fig. 1. All
walls had a barbell-shaped cross section with a web thick-
ness of 100 mm and 250 x 250 mm boundary elements, The
overall length of the cross section was 1500 mm. Vertical
and diagonal reinforcement was anchored in a 600 mm thick
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base girder that was bolted to the laboratory floor. A 250 mm
wide by 500 mm deep beam was cast on top of the wall panel,
and a hydraulic actuator was attached to the specimen at mid-
depth of the top beam. Lateral loads were applied 2150 ram
above the base of the wall.

The primary experimental parameters were the amount
and orientation of the web reinforcement. The longitudinal
and transverse reinforcement in the boundary elements was
the same in all four specimens (Fig. 1(b)). A single layer of
web reinforcement was used in all walls. Specimens W1 and
W2 were reinforced with conventional horizontal and venti-
cal web reinforcement, while diagonal web reinforcement
was used in Specimens W3 and W4 (Fig. 2). Only the web
reinforcement is shown in Fig. 2. Longitudinal and trans-
verse reinforcement in the boundary elements and the top
beams were the same in all specimens.

~—

—

—l
(a})

1500 mm

10-mm bars
3 A = T
N | 250 mm
L)

2150 mm

100 mm
6, 16-mm and 2, 12-mm bars 250
6-mm ties at 100 mm on center

(b)

Fig. 1—Dimensions of test specimens: (a) overview of test
setup; and (b) cross-sectional dimensions.
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The transverse reinforcement in the boundary elements
was not intended to provide confinement of the concrete
core. The amount of transverse reinforcement provided was
consistent with current practice in Thailand and was approx-
imately 1/5 of that required in the U.S. in regions of high
seismic risk.

The design procedures in the American Concrete Institute
Buitding Code (ACI 318-99)'* for regions of low and mod-
erate seismic risk were used 10 proportion the walls. During
design. the concrete compressive strength was assumed 10 be
29 MPa, and the yield stress of the reinforcement was as-
sumed to be 390 MPa. The measured strengths of the mate-
rials used to construct the walls exceeded these values and
are summarized in Table 1.

Table 1—Material properties and reinforcement
ratios

W W2 W3 W4
Concrete compressive strength, MPa | 36.6 | 358 | 378 | 363
Horizontat web Spacing, mm 150 100 — -
: - Reinforcement
reinforcernent ratio, % 0.52 0.79 — —
Vertical web Spacing, mm 200 150 — e
reinforcement” Reir;afggcegcnl 0.39 Q.52 — —
Diagonal web Spacing, mm — — 150 100
reinforcement’ Remm{toigcc%nem _ — | o052 | om
Longitudinal Area, mmz 1430 1430 1430 1430
reinforcement in Reinforcement -
boundary elements’ ratio. % 229 | 229 | 229 | 229
_Transverse
reinforcement i | Spacing. mm 100 100 100 100
boundary efements*

"Single layer of 10 mm deformed bars, f, = 450 MPa.
1Six [6 mm deformed bars, f, = 473 MPa, and two 12 mm deformed bass, f, = 425 MPa
igingle tie, 6 mm plain bars, f, = 444 MPa.

P= H— P el
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P me—p " > z
. P ¢
-
:-,:r— 1 ~
Strain Gage #3— : .
o Strain Gage #5—]
Strain Gage ¥5
>, - W
(b) (d)

Fig. 2—Arrangement of web reinforcement in test speci-
mens; {(a} Specimen WI; (b) Specimen W2; (c) Specimen
W3 and (d) Specimen W4.
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The reinforcement in Specimen W1 was selected such that
the nominal shear and flexural strengths of the wall were near-
ly equal, based on the assumed material properties. Honzontal
web reinforcement was spaced at 150 mm on center, and ver-
tical web reinforcement was spaced at 200 mm on center.,

Bur spacings were decreased to 100 mm for the horizontal
reinforcement and 150 mm for the vertical reinforcement in
Specimen W2, This change in spacing had a negligible influ-
ence on the calculated flexural capacity but increased the
nominal shear strength by 25%, relative to Specimen W1,

The spacing of the web reinforcement in Specimens W3
and W4 was the same as the spacing of the horizontal web
reinforcement in Specimens W1 and W2, respectively (Ta-
ble 1). The web reinforcement in Specimens W3 and W4 was
rotated 45 degrees with respect to the longitudinal axis of the
wall, The nominal strengths of Specimens W1 and W3 and
Specimens W2 and W4 were essentially the same. Nominal
capacities calculated using the measured material properties
are listed in Table 2.

Test procedure

A photograph of the test setup is shown in Fig. 3. Each
specimen was loaded laterally as a vertical cantilever with
forces applied through the top beam. No axial load was ap-
plied to any of the specimens. The specimens were braced
laterally at the top to prevent out-of-plane distortion.

The same nominal loading history was used to test all four
specimens described in this paper. Each complete load cycle
consisted of one half cycle in the positive direction and one
half cycle in the negative direction. The loading history was
divided into two parts: load control was used during the first
three cycles to push the specimens to the cracking load in

Fig. 3—Photograph of experimental setup.

both directions; and displacement control was used in subse-
quent cycles to push the specimens such that the top deflec-
tion reached integer multiples of the yield displacement in
both directions. The specimens were pushed to the same dis-
placement level for three complete cycles before the dis.
placement level was increased. The initial yield
displacement for each specimen was determined by monitor-
ing strains in the longitudinal steel in the boundary elermens.
Each test continued until the specimen experienced a signif-
icant foss of capacity. Figure 4 shows the loading history of
the test program,

Instrumentation

Instrumentation was selected to monitor applied loads, de-
formations, and strains in the reinforcing steel. Lateral de-
flections were measured at four levels above the base (0.45,
.90, 1.50, and 2.10 m). Average shear distortions in the
hinging region were calculated from deformations measured
along diagonals of a square located in the lower 900 mm of
the web. The procedure used to calculate the average shear
distortion from the measured data is shown in Fig. 5.

EXPERIMENTAL RESULTS

Table 2 summarizes calculated nominal capacities, maxi-
mum loads, and observed failure modes of the specimens. All
four specimens sustained maximum loads that exceeded the
calculated nominal capacities. The walls with diagonal web
reinforcement resisted higher loads than the companion walls
with conventional reinforcement; however, the increase in
strength was not significant for the walls with higher web re-
inforcement ratios. Figure 6 shows crack patterus after failure
for each of the specimen. Two modes of failure were observed
in the specimens: web crushing in Walls W1 and W2; and
crushing of the boundary elements in Walls W3 and W4,

Table 2—Calculated and measured capacity of
specimens

Calculated per
" ACI 318-99° Observed response
Flexural Shear Load at
capacity, | capacity. | Maximum | web crush-| Mode of
Specimen kN kN load, kN ing, kN failure
Wi 496 482 491 351 Web
w2 515 621 | 608 350 crushing
W3 518 485 569 _ Crushing of
boundary
w4 545 622 618 — element

"Caleulated using measured material propertics.
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Fig. 4—Loading history for experimental program: (a} load-controlled cycles; and (b) dis-

placement-controlled cycles.
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Walls W1 and W2 failed abruptly due to web crushing.
Extensive damage to the concrete in the web may be ob-
served in Fig. 6. The applied load at the onset of web crush-
ing was approximately the same for the two specimens. This
load was slightly more than 70% of the maximum load re-
sisted during previous loading cycles by Wall W1 and slight-
ly less than 60% of the maximum load resisted by Wall W2.
Similar reductions in shear strength with cycling have been
observed in previous experimental investigations.

Walls W3 and W4 failed when the concrete in the bound-
ary elements crushed. Although each wall was subjected to a
maximum shear force greater than that resisted by its com-
panion wall with conventional reinforcement, the concrete in
the web of Walls W3 and W4 was stifl in good condition af-
ter failure. This observation indicates that different shear

— 900 mm —

900 mm

(d: - dl)dl - (d; - dz)dz
2hL

d, = Orginal length of diagonal i.

d; = Deformed length of diagonal i.

Average Shear Distortion= Y, =

Fig. 5—Estimation of average shear distortion from mea-
sured data.”
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Fig. 6—CObserved crack patterns after failure of test specimens:
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transfer mechanisms controlled the behavior of the walis
reinforced with conventional web reinforcement and walls
reinforced with diagonal web reinforcement. It should also
be noted that the boundary element crushing observed in
Walls W3 and W4 was not unexpected, given the modest
armnount of iransverse reinforcement in the boundary cle-
ments. Significant increases in the displacement capacitics
of walls were observed in previous tests when the amount
of confinement reinforcement in the boundary elements
was increased.”

Overal! hysteretic response

Continuous plots of applied load versus top deflection (P-
A) for Specimens W1 to W4 are shown in Fig. 7. Numbers
shown in each graph correspond to the cycle number during
selected cycles in the positive direction. Exarnination of Fig. 7
clearly indicates the difference between the P-A relationships
of the walls with conventional web reinforcement (W1 and
W2) and the walls with diagonal web reinforcement (W3 and
W4).

The P-A relationships of Walls W1 and W2 experienced
significant pinching caused by the low shear stiffness of the
walls in hinging regions. In the conventionally reinforced
walls, applied shear force is transferred to foundation by
compressive struts in the concrete. When the applied load
was close to zero, most cracks in the lower portion of the
wall remained open, and the compressive struts could not
transfer compressive force effectively. This significantly re-
duced the shear stiffness in the hinging regton of the wall and
caused large shear distortions at low levels of applied load.

The P-A relationships of Walls W3 and W4 exhibited a
rounded shape and did not experience significant pinching.
This is due to the fact that part of shear force was transferred
to the foundation directly by diagonal reinforcing steel in
walls with diagonal web reinforcement. As a result, the shear
stiffness in the hinging region was also controlled by the re-
inforcing steel and did not deteriorate as inelastic shear de-
formation increased.

Shear distortion at base of walls

Continuous plots of applied load versus shear distortion
(P-7) in the lower 900 mm of the specimens for Walls W1 to
W4 are shown in Fig. 8. The P-y relationships of Walls W1
and W2 also experienced significant pinching. Wall W1 ex-
perienced larger shear distortions than Wall W2, especially
in the early loading cycles. The P-y relationships of Walls
W3 and W4 did not display a pinched shape but were un-
symmetrical in later cycles. Shear distortions in the positive
direction were greater than those in the negative direction.

Because the amplitudes of the imposed displacements
were not the same for comesponding loading cycles for the
four walls, normalized parameters were used to compare the
hysteretic characteristics of the walls, For each loading cy-
cle, the maximum ductility ratio, defined as the ratio of the
maximum displacement during that cycle to the yield dis-
placement, was calculated. The accumulated ductility ratio
was then defined as the maximum ductility ratio for a given
cycle plus the sum of the maximum ductility ratios in all pre-
vious cycles.

Figure 9 shows the relationship between shear distortion
and accumulated duetility ratios for all the specimens at half-
cycle increments. At a given level of accumulated ductility.
the shear distortions experienced by Walls Wi and W2 were
nearly equal; however, Wall W3 experienced nearly twice as
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* much shear distortion as Wall W4. This observation shows

that increasing the amount of diagonal web reinforcement sig-
nificantly decreased the shear distortion in the hinging region,
while increasing the amount of conventional web reinforce-
ment did not. Nor did increasing the amount of conventional
web reinforcement prevent web crushing failures.

Strains in web reinforcement

Differences in the response of the test specimens may also
be observed by considering the measured strains in the web
reinforcement. The locations of the representative strain gag-
es discussed in this section are shown in Fig. 2.

The largest strains were recorded in the vertical web re-
inforcement in Walls W1 and W2 (Fig. 10). Yielding was
observed during Cycle 7 for the vectical reinforcement in
Wall W1 and during Cycle 4 for the vertical reinforcement
in Wall W2. Measured strains in the horizontal web rein-
forcement in Walls W1 and W2 are shown in Fig. 11. Perma-
nent tensile strains were observed in both the vertical and
horizontal bars, but the maximum strains in the vertical rein-
forcement were nearly an order of magnitude larger than
those in the horizontal bars.

Measured strains in the diagonal reinforcement in Walls
W3 and W4 are shown in Fig. 12, The diagonal reinforce-
ment in both walls yielded in tension during Cycle 7 and re-
mained in tension throughout the remainder of the loading
history.

Yielding of the diagonal reinforcement led to an increase
in the shear distortions at the base of the walis in later cycles.
Figure 13 shows the relationships between shear distortions
and strain in the diagonal reinforcement at the maximum and
minimum displacement during each loading cycle for Walls
W3 and W4, This figure clearly shows that shear distortion
in the lower portion of the walls increased significantly after
the yielding of diagonal web reinforcement. Before the diag-
onal reinforcement yielded, the shear distortion near the base
of the walls was within the range of —0.002 to 0.002. After
the diagonal reinforcement yielded, the maximum shear dis-
tortion was an order of one level of magnitude larger.

Energy dissipation capacity

To survive a severe earthquake, structural walls must be
able to dissipate energy. The energy dissipation mecha-
nisms in a given wall depend on the inelastic behavior of the
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Fig. 9—Variation of shear distortion at base of walls with
accumulated ductility.
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materials and the orientation of the reinforcement. Walls
wiih conventional web reinforcement transfer shear through
compressive struts and aggregate interlock within the con-
crete and dowel action of the web reinforcement. These
mechanisms degrade when subjected to cyclic deformations.
In contrast, walls with diagonal web reinforcement transter
shear through tensile forces in the web reinforcement. This
energy dissipation mechanism was stable and did not de-
grade with cycling during the tests. Therefore, walls with di-
agonal web reinforcement exhibit better energy dissipation
charactenstics than walls with conventional reinforcement.

The accumulated energy was used in this investigation to
compare quantiiatively the behavior of the walls. As shown
in Fig. 14, the area enclosed by the overall hysteresis curve
was calculated for each cycle. The accumulated energy dis-
sipated was then defined as the sum of the area enclosed by
all previous hysteresis loops.

The relationship between the accumulated energy dissi-
pated and the accumulated ductility ratio for all four walls is
plotted in Fig. 14. Accumulated energy increased nearly lin-
early with the accumulated ductility ratio for the four walls.
The rate of increase was considerably higher for the walls
with diagonal web reinforcement, indicating their ability to
dissipate more energy at a given level of distortion. This con-
firms the qualitative observations based on the shape of the
hysteresis curves.
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ANALYTICAL RESULTS
Figure 15 shows idealized shear transfer mechanisms for
walls with conventional web reinforcement and walls with
diagonal web reinforcement. Conventional web reinfarce-
ment acts as ties that cross diagonal cracks and contribute to

0.02 .
)

Wall W3 | | .
Wall Wa 2

0.01

I
)

|
i

|
1
0.00 | P ]
I < | b J 1

: € as
——ﬂeldeZf . ot ; o

- Skrain ] . H |
PO Al S O O I
0.005 0 04.005 0.010 0015 0.020

Strain in Diagonal Reinforcement

Shear Distortion at Base of Wall, rad

b .

Fig. 13—Variation of shear distortion at base of Walls W3
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the shear resistance. All lateral force in walls with conven-
tional web reinforcement must be transferred through con-
crete by compressive struts and aggregate interlock and by
dowel action in the reinforcement at the base of the walls (V,_

Vi owe) (Fig. 15(a)). Web crushing failures occur when the
compressive stress exceeds the average compressive
strength of the concrete in the strut &f, where k is a factor
that represents the decrease in strut compressive strength due
to large inelastic shear distortion.?

On the other hand, diagonal web reinforcement helps trans-
fer part of shear force directly to the foundation by tension in
the web reinforcement (Fig. 15(b)). As a result, the shear force
carried by the compressive struts is reduced. Diagonal shear
reinforcement also helps reduce the inelastic shear distortions
in the lower portion of walls, thereby reducing the deteriora-
tion of compressive strength in concrete struts. The decreases
in suess in the concrete struts and in the inelastic shear distor-
tions due to the presence of diagonal web reinforcement im-
proves the shear transfer capacity of concrete in the web and
reduces the possibility of web crushing failures.

Finite element analyses were used to investigate shear
transfer mechanisms for Walls W3 and W4. The material
models uscd in the analyses are described in previous re-
search.! Flourc 16 shows the base shear force distribution of
Walls W3 and W4 during loading Cycle 12. The total base
shear is divided into two components: Vy,, the sum of the
horizontal components of the forces in all of the diagonal
web reinforcement at the base; and V,,, the horizontal com-
ponent of the shear force carried by concrete at the base.

The resuits of these analyses indicate that after cycles of
inelastic deformation, diagonal web reinforcement is effec-
tive in transferring shear force to the foundation, especially
at low levels of applied load. The compressive struts are not
effective in transferring shear force at low applied loads be-
cause most cracks in the web remain open. When the applied
load is increased, the shear carried by the concrete also in-
creases because cracks in the web close and compressive
struts become more effective in transferring shear force. This
explains how diagonal web reinforcement helps reduce
pinching behavior and increase the energy dissipation capac-
ity of walls.

It should also be noted that the peak values of the shear in
the concrete V. calculated for both W3 and W4 are nearly
the same; however, the maximum value of the shear in the

600

5 o Al cf-@i’_ T
¥
7
o
]
[41]
Basc Shear Curied by Conardte
-406 Base Shear Carried by
Diagonal Redorcoment
600 i R
0 10 20 30 40 50 &0
Lead Step
(a)

steel in each wall is controlled by the amount of diagonal rein-
forcement. The component of shear carried by the steel V, in
both walls is bounded by values of Ayfycosd5 degrees {(shown
as horizontal broken lines in Fig, 16), whereA is the totat arca
of diagonal steel in one direction, and f, is the yield stress of
the dlaoonal reinforcement. This md:cates that shear force cur-
ried by diagonal web reinforcement at the base of the wall i~
proportional to the amount of the reinforcement. Although the
current ACI design equation provides a conservative estimate
of the shear strength of walls with diagonal web reinforcement
(Table 2), further study is needed to develop a proper design
equation for walls with diagonal web reinforcement.

. CONCLUSIONS

ThlS paper summarized the observed cyclic behavior of
reinforced concrete structural walls with conventional web
reinforcement and with diagonal web reinforcement. The
following conclusions are based on the material presented in
this paper:

I. Walls with diagonal web reinforcement displayed the
ability to dissipate more energy at a given level of lateral de-
formation than walls with conventional web reinforcement.
Increasing the amount of diagonal web reinforcement in-
creased the energy dissipation capacity of the walls, whereas
increasing the amount of conventional web reinforcement
did not change the energy dissipation capacity of the walis
significantly;

2. Walls with diagonal web reinforcement experienced
fess shear distortion in the hinging region than walls with
conventional web reinforcement. Shear distortions did in-
crease, however, after the diagonal web reinforcement
yielded. Web crushing was not observed in walls with diag-
onal web reinforcement. Analytical results indicated that
part of the shear force was transferred directly to the founda-
tion by the diagonal reinforcement. Diagonal web reinforce-
ment also helped reduce inelastic shear distortion in the
lower portion of walls and, hence, prevent deterioration of
the concrete strength in the compressive struts. The decrease
in force in the concrete struts and the decrease in inelastic
shear distortion improves the shear transfer capacity of con-
crete in the web and prevents web crushing;

3. Increasing the amount of conventional web reinforce-
ment did not significantly reduce the shear distortion in the
hinging regions, nor did it change the observed failure mech-
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Fig. 16—Calculated distribution of base shear forces: (a) response of Wall W3 durmg load Cycle 12; and (b} response of Wall

W4 during load Cycle 12.
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anism. Web crushing controlled the response of both walls
with conventional web reinforcement. In walls with conven-
tional web reinforcement, lateral force was transferred to the
foundation by compression in concrete struts and dowel ac-
tton in the reinforcement. Compressive strength of concrele
struts deteriorated significantly when the walls were subject-
ed to large inelastic shear distortions. Large shear forces in
the compressive struis and deterioration of compresstve
strength led to crushing of the concrete in the web; and

4. As engineers adopt performance-based design philoso-
phies, new techniques must be developed to control structurat
damage reliably during earthquakes. Diagonal web reinforce-
ment is one such approach. For loading cycles to a specified
lateral displacement, walls with diagonal web reinforcement
exhibited smaller crack widths and dissipated more energy
than conventionally reinforced walls. In addition, with ap-
propriate confinement of the boundary elements, brittle
modes of failure can be avoided. These advantages in perfor-
mance offset the difficulties associated with placement of di-
agonal bars during construction.
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TECHUNICAL NOTE

Shear modulus and damping ratio of a clay during undrained cyclic loading

¢ TEACHAVORASINSKUN® P. THONGCHIM® and P. LUKKUNAPRASIT*

KEYWORDS: clays: laboratory tests; repeated loading: stiffness.

INTRODUCTION

Research on the cyclic behaviour of clays has mestly concen-
wrated on exploring the undrained cyclic shear strength. The
results have led to the establishment of important links between
cyelic shear strength and several physical parameters such as
stress amplitude, number of load cycles, strain levels, and rate
of loading {Wood. 1982). In most of the studies, the undrained
cyclic load was continugusly applied in either a load-controlled
or displacemeni-controlled manner, called herein the CC test
(Fig. T(a)).

To measure the deformation parameters (i.e. shear modulus
and damping ratio} using the cyclic loading test, a staged cyclic
loading test (SC test, see Fig. 1 (b)) has been widely adopted
(Vucetic & Dobry, 1991). After completion of each step, the
excess pore watcr pressuce may (or may not) be dissipated. In
the present study, dissipation of the excess pore water was
aliowed, and this caused the initial mean effective stress at the
begianing of every load step to be the same. Superimposing of
the test results makes it possible to draw the curves of strain
level dependence on the shear modulus and damping ratio.

Owing to continuous shaking in actual vibration problems,
coupling between the effective stress change and strain level
should be considered in determining the shear modulus and
damping ratio. This has generally been dealt with by performing
a few SC tests at different initial effective stresses or by not
allowing dissipation of excess pore water pressure at the end of
each step of the test. There is still no information on how the
testing procedure affects the shear modulus and damping ratic
of clay. The present study aims to present a direct comparison
of the test results from the above mentioned two types of cyclic
loading tests.

Sample fails or

2 tesl can no longer
é be conlinued
g Y
E
1]
0
1]
£
L]
—»
Time : ]
od’ (a) Sample fails or _
T test can no longer be continued
g .
a
E R
[} —_—
@ —
Ll
8 N
? -
L Time
{15 1 15| 15
cycles cycles cycles )

Fig. 1. Testing procedure for: (a) CC test; (b) SC test

Manuscript received 8 May 2000; revised manuscript accepted 11
December 2000,

Discussion on this paper closes 2 November 2001, for further details
see the inside back cover.
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TEST RESULTS

Tests were performed on undisturbed samples collected at a
depth of about 6 m from a site in Chulalongkern Universily.
Bangkok, Thailand. The fundamental properties of soft
medium Bangkok clay have been well addressed by Bergado er
al. {1990). The test scheme and variation of test conditions are
summarised in Table [. Fig. 2 shows the degradation of the
shear modulus with strain during SC and CC tests of the
samples having initial isotropic consalidation pressures of (a) 50
and (b) 100 kPa. The shear modulus, G, is computed from the
measured Young's modulus, £ (using the definition shown at the
bottom of Fig. 2(a)). by assuming Poisson's ratio, g, to be 0-5.
Note that the points plotted for CC tests represent only the
shear modulus from some selected cycles. The initial shear
moduli at strain levels of about ¢-02-0-05% were measured for
all samples tested. The values at those strains from both groups
of tests arc in good agreement. This tends to confirm that the
quality of the samples is equivalent.

In CC tests, the mean effective stress changed (usually re-
duced) owing to a change of pore water pressure. The values of
the mean effective stress, ¢, and the number of cycles, Ny, at
the end of each CC test are shown in the figures. The degradation
curves obtained from the CC and SC tests are slightly different.
Samples tested with the CC procedure exhibit slightly faster
reduction in shear modulus with strain. Nevertheless, when the
curves are viewed for the whole strain range, it may be reason-
able to say that the difference is minor. The shear modulus is
dominated much more by strains than by the effective stress
changes. Therefore, in the case where there is no information on
effective stress change, the curves from SC tests {(with dissipation
of pore water pressure allowed) could reasonably be adopted to
represent the general degradation characteristic. This is in good
accordance with the results of cyclic loading tests on Cloverdale
clay reported by Zergoun & Vaid (1994).

Figure 3 shows the plot between the damping ratio and strain
for the same tests. For the first few cycles of the CC tests,
samples show a rather small increase in damping ratio with
strain. The curves obtained from CC tests finally merge with
that obtained from SC tests. In general, it may be concluded
that the damping property obtained from SC tests is close to
that of similar samples with similar initial consolidation pres-
sures in CC tests.

Results of tests with different load frequencies (0-1 and

Table 1. Test scheme used in the present study

{0 & Yinitial ™ Load frequency: | Type of test | Stress amplitudey

kPa Hz (9/ P Vinicia

50 01 SCt Staged
o1, 10 CcC 012, 0-20
04, 10 cC 0-20, 0-30
o1, 10 CcC 030, 0-43

100 -1 SCt Staged
01, 10 cC 016, 0-17
0f, 10 CC 0-28, 0-26
01, 10 CC 040, 037

* Initial confining stress

t SC test with pore water pressure dissipation

1 Ratio of peak-to-peak deviator stress (g = 0, —03) to initial mean
‘effective stress (p)
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Fig. 2. Shear modulus degradafion curve from CC and SC tests: (@) (0inimal = 50 kP23 (b) (0))igwat = 100 kPa

-0 Hz) are included in Figs 2 and 3 for the purpose of
comparison. There is no discemible effect on the shear modulus
when the load frequency increases from 0-1 to 1-0 Hz. The
damping property is somewhat affected by the load frequency,
especially for the results obtained from SC tests {Fig. 3(a)).
When load frequency increases from 0.1 to 1.0 Hz, a decrease
in the overall damping curve can be observed.
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CONCLUSIONS

Cyclic loading test results from two testing procedures (the
staged cyclic loading test, SC, and the continuous cy¢lic loading
test, CC) were found to give fairly similar strain dependence
characteristics, of shear modulus and damping ratio. For a given
initial consolidation pressure, strain was a more predominan!
factor than the effective stress change. The strain dependence
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. ¢urves of shear modulus and damping property drawn from the
result of SC tests could probably be accurate enough for
practical use. :
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TECHNICAL NOTE

SE-54

Stress rate effect on the stiffness of a soft clay from cyclic, compression and
extension triaxial tests

S. TEACHAVORASINSKUN?,

KEYWORDS: clays; dynamics; laboratory tests; shear strength;
stiffaess.

INTRODUCTION

The rate of applied stress or strain has been one of the most
important time effects known to affect the behaviour of soils. In
the present study, particu'ar attention was paid to examining the
effect of rate of loading on the secant Young’s modulus of
undisturbed samples of soft Bangkok clay. This was done by
direct comparison of the results obtained from undrained triaxial
tests carried out under three different loading conditions: com-
pression, extension and cyclic loading.

The effect of rate of loading on the stiffness of clays has
been generally studied based on results obtained from the
resonant column test and the torsional shear or triaxial test
(Stokoe et al., 1994). Though an increase of shear modutus
with rate of loading has been reported when the resonant
column test is adopted for comparison, the effects of number of
loading cycles and stress rate cannot be clearly distinguished.
This was partly supported by Shibuya e al. (1995). They found
that the effect of loading rate on the shear modulus obtained
from the cyclic torsional shear test was almost negligible. How-
ever, the shear modulus quoted in their study was the equivalent
shear modulus, which did not provide a view into the effect of
stress reversal.

MATERIAL AND TESTING PROGRAMME
Tests were performed on undisturbed samples collected at a
depth of about 6 m from a site in Chulalongkorn University,

P. THONGCHIM® and P. LUKKUNAPRASIT

Bangkok, Thailand. The natural water content, plasticity index
(PI} and maximum past stress of the tested samples varied
in the ranges 65-70%, 39-40% and 90--100 kPa respectively.
The fundamental properties of soft te medium Bangkok
clay have been addressed in detail by Bergado er al. (1990)
and Sambhandharaksa & Taesiri (1987). The tested samples
were first saturated to have a similar degree of saturation
(B = 94-97%) and then consolidated to the prescribed initial
isotropic consolidation pressures: (¢o)ini = 50 and 100 kPa. The
initia] conditions of the tests conducted are summarised in Table
1. Note that the samples tested with an initial consolidation
stress of 50 kPa were lightly overconsolidated.

Shearing under the undrained condition was performed in a
stress-controlled manner with three loading types: triaxial com-
pression, triaxial extension and ¢yclic triaxial tests. The rate of
loading, defined in terms of the veriical stress rate, &, ranged
from 0-05 kPa/min in a slow monotonic loading test to about
1000 kPa/min in a fast cyclic loading test.

Since the pore water pressure was measured at the top and
bottom of the sample with allowed side drainage, discussion
regarding the effect of stress rate on the effective stress path
may be uncertain, expecially in a fast loading test. It is there-
fore omitted in this paper. Nevertheless, as will be shown later,
the effect of stress rate on the secant Young’s modulus can be
reasonably concluded.

TEST RESULTS

Comparisons between the secant Young’s modulus, £, ob-
tained from the staged cyclic and monotonic loading tests are
shown in Fig. 1(a} and Fig. l(b). Before discussion, the follow-

Table 1. Summary of test conditions and some test results

Test no. Type of loading T Rate of loading® (0¢)imit: (kPa) | B-value (%)
(kPa/min.)
COM-1 Triaxial Compression 0-5 50 94
COM-2 Triaxial Compression 50 50 94
COM-3 Triaxial Compression 50 50 95
COM-4 Triaxital Compression 0-05 100 96
COM-5 Triaxial Compression 05 160 96
COM-6 Triaxial Compression 5-0 100 95
COM-7 Triaxial Compression 50 100 94
EXT-1 Triaxial Extension 0-05 50 97
EXT-2 Triaxial Extension 0-5 50 94
EXT-3 Triaxial Extension 0-05 100 96
EXT4 Triaxial Extension 0-5 100 95
CYC-1 Cyclic triaxial 000025 100 95
CYC-2 Cyclic Triaxial 0-1% 100 94
CYC-3 Cyclic Triaxial 0-1t 50 B 96

* Defined in term of rate of applied deviator stress, ¢ = {4, — 03).

1 Initial consolidation pressure,
{ Unit in Hz.

Manuscript received 11 August 2000; revised manuseript accepted 6
August 2001,

Discussion on this paper closes 1 August 2002, for further details see
inside back cover.

* Department of Civil Engincering, Chulalongkorn University, Thailand.
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Fig. 1. Variation of secant Young’s modulus: (a) (& iniia

ing remarks shoutd be noted on the results of the staged cyclic
test {represented by the solid lines in the figures):

(a) A staged cyclic load test was used with the following
procedure. First, 15 eycles of small stress amplitude were
applied. Afier the built-up excess pore water pressure had
dissipated, another 15 cycles of loads with a larger stress
amplitude were applied. Stress amplitude was increased by
25kPa per step. This procedure was repeated until the
sample failed.

The secant Young’s modulus, £, for a cyclic loading test
was defined as shown in Fig. 1(a).

Since the load frequency was kept constant, the rate of
loading increased as the stress amplitude increased, from
about 180 kPa/min at moderate strains (at the beginning of
the test) to more than 1000 kPa/min at large strains.

()]
()

The rate of loading affects the values of the measured secant
Young’s modulus, E£. In general, samples tested at a faster
loading rate exhibit higher values of E, especially at moderate

54

(]

=100 KP2; (b} {FL)inral = 50 kPa

strains (£, = 0-02-0-2%). For example, from the test results
shown in Fig. H{a), £ at an g, of 0-02% varies from about
10 MPa (in the compression test, stress rate = 0-05 kPa/min)
to about 35 MPa (in the cyclic loading test, stress rate
=320 kPa/min). Fig. 2 shows the changes in pore water
pressure measured at the top and bottom of the samples during
triaxial compressions. Although the pore water pressure meas-
ured was not representative for every sample, Fig. 2 implies that
the effective stress changes {or the built-up excess pore water
pressure) at g, ~ 0:02-0-2% could still be very small. The
differences in E at these strains are therefore caused mainly by
the difference in rates of loading.

At large strains (g, > 1%) the range of loading rates used in
the compresston tests (0-05-50 kPa/min) is too small (o initiate
any discernible difference in E. Only very high stress rates such
as those used in the cyclic loading test (> 1570 kPa/min) were
able to result in a small difference. It may be reasonable to
conclude that' at large strains the strain level dependence
characteristic of £ has overcome the effects of loading rate and
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Fig. 2. Development of excess pore water pressure; (& )iniia = 100 kPa

probably the effective stress change. Therefore the F—e, curve
at farge strains obtained from the triaxial compression test
conducted at a specific initial consolidation stress is accurate
enough for practical use.

Fig. 3 shows the variation of the secant Young’s modulus
during load-unload-reload cycles of a cyclic loading test. The
peak-to-peak deviator stress of about 80 kPa was applied at a
slow load frequency of 0-00025 Hz. This was equivalent to a
stress rate of about 0-04 kPa/min. The origins for determination
of the secant Young’s madulus were shifted to the point of
stress reversal, as schematically drawn in Fig. 4. For first
monotonic loading {marked ‘Load 1” in the figure), the degrada-
tion curve of E is very similar to that obtained from the triaxial

compression test performed at a stress rate of 0-05 kPa/min
(see Fig. 1(a)). When the first stress reversal occurred, the
subsequent secant Younrg’s modulus (marked ‘Unload 17) at
&, 7= 0-02-0-2% increased considerably. For the first few loading
cycles the E—e, curves in this strain range were not much
altered. However, for the last loading cycle, when the sample
approached failure, E obviously decreased. This is because of
the build-up of excess pore water pressure. The effective mean
stresses [p' = (o1 +203%)/3] at the beginning of each stress
reversal are shown in the figure. When strains become greater
than [% the degradation curves almost merge, and the effect of
effective stress change seems to diminish.

Note that the effect of stress reversal on the subsequent

Load 1 (p" = 100 kPa)

40 K [#3 T T
,_ T Cyclic load test ({o’ )y = 100 kPa)
% Peak-to peak = 80 kPa; f= 0-G0025 Hz
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Fig. 3. Seccant Young’s modulus during load—unload-reload cycles
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Unload 2

Relcad 1

Fig. 4. Secant Young’s modulus of the load—unload-relead cycles
during a cyclic loading test

secant Young’s modulus might suppress the effect of loading
rate. This 1s because the stiffness curves following the first
stress reversal are similar to that obfained from the staged
cyclic load test {solid line in Fig. 1(a)]. Therefore the effect of
stress rate concluded from the results of cyclic loading tests will
not be clearly seen, as reported by Shibuya er al. (1995).

In general, at small to medium strain levels, the effect of
effective stress change is pronounced and cannot be neglected.
However, when the strains become larger, the strain level
dependence characteristic of £ overcomes the effect of effective
stress change, and the initial consolidation stress dominates the
stiffness degradation obtained at large strains.

56

CONCLUSIONS

The  secant NYoungs  modolus ot moderate  strains
(¢, 2= 0-02-0-2*0) wax mHucnced by the stress rate: the faster
the loading rate. the larger the secant Youny modulus, When
the effective stress ar e origin (used tor determination of the
secant Young's madulus) decreasad. the secant Young's madulus
at moderate strains also decreased. However. at large stran
levels. the straim dependence characterisiic of the sccant Young's
medulux overcame the effects ol loading rate and effeciive
stress change. The degradation of £ ar large sirains was dep-
endent ghmost entirely on the ininial conzalidation stress.
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Shear modulus and damping of Soft Bangkok Clays

By Supot Teachavorasinskun, Pipat Thongchim and Panitan Lukkunaprasit

Abstract: The shear modulus and damping ratios of the undisturbed Bangkok clay samples
were measured using the cyclic triaxial apparatus. Although abundant of literature on this
topic can be referred, selection of the most suitable empirical correlation for a seismic
analysis cannot be done unless some actual data is obtained. The apparatus used can measure
the stress-strain relationships from strain levels of about 0.01%. The equivalent shear modulus
measured at these shear strain levels was account for about 80% of the value computed from
the down-hole shear wave velocity test. The degradation curves of the equivalent shear
modulus fell in ranges, which were in close accordance to that reported in the literature, for
clay having similar plasticity. Damping ratios varied from about 4-3% at small strains
(0.01%) to about 25-30% at large strains (10%). The eftects of load frequency and cyclic
stress history were lightly investigated. Increase i load frequency from 0.1 to 1.0 Hz, though
play no influence on the shear modulus characteristic, caused slight decrease in damping
ratios. The effects of the small amplitude cyclic stress history on the subsequently measured
shear modulus and damping ratio were almost negligible if the changes in void ratio were

properly taken into account.

Key Words: Soft clay, Shear modulus, Damping ratio, Cyclic triaxial test, Cyclic stress
history
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introduction

Bangkok, though located at remote distances from active setsmic sources, has been hit by
more than 20 earthquakes in the past (Nutalaya et al. 1985). Large earthquakes at far to
moderate epicentral distances (Warnitchai et al. 2000) caused most of the events observed. To
access the level of the ground motion in Bangkok, the needs for the cycli‘c properties of the
underlain soft deposit are therefore arisen. The two most fundamentat soil properties
consider.ed are the equivalent shear modulus, G, and daniping ratio, D. Although these two
properties have been thoroughly investigated by a number of researchers, for examples,
Hardin and Dmevich (1972), Kokusho er af. (1982), Jardine et al. (1984), Shen et al. (1985).
Alarcon-Guzman et al. (1989), Tatsuoka and Shibuya (1992) and Tanizawa er «f. {1994). It is
still necessary that the actual laboratory test data using samples of Bangkok clay being
obtained to guide the selection of the empirical correiation. The paper presents the results of
the cyclic triaxial tests performed on Soft Bangkok clay with emphasizing on their shear
modulus and damping properties. It aims to provide the geotechnical engineer with additional

database on the shear modulus and damping ratio of soft clay.

Equipment, Material and Testing Procedure

A computer-based-controlled cyclic triaxial apparatus was employed. The servo-hydraulic
loading system enables the axial load to be applied in a cyclically manner up to a frequency of
about 20 Hz. The loading system is directly installed on the top platen of the triaxial cell as
shown in Fig. 1, therefore, there is no need for the {oad reaction frame. The axial load cell was
placed inside the triaxial ceil and being ﬁsed as a feedback in the loading contro!l system. Two
displacement transducers, resolution of 0.01 mm and 11.0 mm, were used to measure the axial
deformation. The position of the smaller displacement transducer can be adjusted from

outside, so that it can be removed when test continues beyond its capacity.
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Undisturbed samples were collected from three sites in Bangkok. The general subsoil profiles
at those three sites are schematically depicted in Fig. 2. The sites CU (Chulalongkorn
University Site) and MU (Mahidol University Site) are located in the center of Bangkok, while
the KU (Kasetsart University Site) site 1s about 15 km north of Bangkok. Table 1 summarizes

the general physical properties of the soil used.

The general testing procedure is outlined in Fig. 3. The sample was first trimmed to.ha\'e a
diameter of 35 mm and height of 70 mm. After saturation was ensured, it was undergone
consolidation to the desired isotropic consolidation pressure. Note that the B-value was
checked immediately after completion of application of differential suction. The sample was
generally left under high back pressure (200 kPa) and confining stress for another one day.
Consequently, the degree of saturation attained a higher level at the beginning of cyclic

shearing. The staged cyclic shearing was done at the load frequency of 0.1 Hz and 1.0 Hz.

The Equivalent Shear Modulus

A set of degradation curves of the equivalent shear modulus, G, against the single amplitude
shear strain, Ay, is shown in Fig. 4. By assuming the value of poisson’s ratio (v) to be 0.5,
the shear strain was derived from the axial one. The G,, defined as the ratio between the

single amplitudes of the shear stress and shear strain (see Fig. 4) was then obtained.

With the present equipment arrangement, the smallest Ays, reliably measured is in the order
of about 0.01%. As a consequence, the shear moduli measured at these strains are only
account for about 80% of the values found in the l_iterature (Hardin and Black 1968 and
Ashford et al. 1997). The empirical equation proposed by Hardin and Black (1968) was

adopted for computing the maximum shear modulus, G,.., because it gives a comparable
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value to that obtained from the down-hole seismic test performed at CU site by Ashford er al.
(1997). It should be noted from the figure that the effect of load frequency on G, is very

small in all cases

The effect of the initial confining stress on the G, at Aysy = 3x107°% is-shown in Fig. 5.
Based on the results of tests performed on the MU samples and by adopting the power law of

confining stress, namely G, o o, the parameter m of about 0.6 is obtained. The values of

the corresponding G, of the other samples are also plotted. There is almost indiscernible site

eftect on the G, measured at this strain level.

The normalized shear modulus degradation curves, G./G.. ~ Ay, of all tests fall into quite
a narrow band (Fig. 6). Note that G, is obtained from the equation proposed by Hardin and
Black (1968). The curves from (Vucetic and Dobry 1991} for clayey soils having plasticity
index of 15 - 50% were reproduced and plotted in the figure for the purpose of reference. Ifa
nyperbolic equation is used to fit the test results, the equation shown below can give the best

fitted;

&g 1
Grax 1. A7
1+ %.0012

The coefficient of 0.0012 represents the parameter called reference strain, y, defined by

Hardin and Drnevich (1972).

Damping property of Bangkok clays
Damping ratios, computed according to the definition given in Fig. 4, are plotted against the
single amplitude shear strain in Fig. 7. The samples tested under loading frequency of 1.0 Hz

(f = 1.0 Hz) yield smaller damping ratios than those tested with /= 0.1 Hz. Although this
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contradicts to what generally reported by Vucetic and Dobry (1991), the effect of rate of
loading on the damping of clay has not been conclusive. Shibuya et «f. (1996) adopted the
Masing’s rule to formulate the hysterests loops of clay at various rates of loading based on the
monotonic test results, Decrease in damping ratios with increase in rates of loading has been
predicted. The results shown in Fig. 7 support the above mentioned model. Nevertheless, such
slight decrease in damping ratios due to increase in load frequency may not play any
influence on their practical application, as can be from the figure that all data are located

inside the boundary lines reported by Vucetic and Dobry (1991).

The effect of the initial confining pressure was summarized in Fig. 8. The damping ratios
obtained at Az of 0.1 % and 1% are plotted against the load frequency and the initial
confining pressure. At strain of 1%, samples tested with higher ininal confining stress

obviously exhibit higher values of dampine.

Effects of the small amplitude cyclic stress history

Bangkok subsoil is believed to experience some extents of the cyclic stress history due to the
hits of small earthquakes in the past. The effect of small amplitude cyclic stress history, if
existed, must therefore be clarified. In the present study, the 50 and 100 cycles of cyclic loads
with Aysy of 0.2-0.3% were used to simulate the cyclic stress history on the samptle (see Fig.
3). The G, obtained before and after application of cyclic stress history is shown in Fig. 9 and
10 for samples tested under load frequency of 0.1 and 1.0 Hz, respectively. Note that the

changes in void ratio were taken into account; namely by normalizing the G,, by a function

F(e)= . The degradation curves of the normalized equivalent shear modulus are

(2.97 - e)*
l+e
almost insensitive to the applied cyclic stress history. Similarly, its effect on the damping ratio

is very small as depicted in Fig. 11.
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Conclusions

A set of mformation on the shear modulus and damping property of a soft to medium clay
(Bangkok clay) were provided. The eftects of the loading frequency, initial consolidation
pressure and small cyclic stress history were investigated. The equivalent shear modulus was
found insensitive to the change in load frequency (/= 0.1 and 1.0 Hz) and the small cyclic

stress history. While damping ratio slightly decreased as the load frequency increased.
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Table | General physical properties of the tested clays.

f Sites Depth of wa (%) T LL (%)Y T PI0) " | v (kNim’y
sampling (m) B
L MU 45-60 | 53-60 59-67 29-30 16 |
| CU 6.0-7.0 | 60-70 80-85 40-45 | 16
KU 9.0 | 60-65 80-85 | 40-45 | 16

1) Natural water content, 2) Liquid limit, 3) Plasticity index. 4) Total unit weight



Hydraulic
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LVDT (0.0l mm) | (Load control
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Fig. 1. Location of load and displacement transducers used in the
triaxial equipment
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Fig. 2. Simplified soil profiles at three sampling sites in Bangkok
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water pressure
- |

Fig. 3. Flow chart outlining the testing procedure
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Fig. 9 Geg/IF(e) obtained from samples with and without cyclic stress history (/= 0.1 117)
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Engineering Structures Paper ES/01/406/SK

The paper is well written.
Before eq. 2 reference to the paper by Fajfar shall be given.

p.10: the term ‘deteriorated’ and ‘deterioration’ of TMD effectiveness used twice on this page
shall not be used, the authors shall refer to ‘decreased’ etc. effectiveness.

References: check if the word ‘Handcock tower’ is correct in Ref. 1, ‘Hancock'?

Table 1: the mass of the TMD is ca. 30% of the mass of the structure: check the masses, the

building mass is ca 180,000 Mg (tons)

10.

Il

12.

13.

14.

15.
16.

Fig. 2: in the caption or the fig. It shall be explained what dotted and the full lines are.

In the captions of Figs. 3 to 9 it shall be indicated that these are valid for a2 harmonic ground
excitation with a frequency of ....Hz and that the eigenfrequency of the structure 15 ... Hz,
instead of that, the frequency ratio may be given

Caption of Fig. 3: it shall be mentioned that this is an elastic response with zero damage

Caption of Fig. 4: it shall be mentioned that this is an inelastic response with damage index of
... at the end of the harmonic excitation, it would also be interesting to know after how many
cycles the damage index of 1 has been reached

Define abbreviations in captions or in separate section: displacement ratio; displacement
reduction, normalized PGA; normalized energy dissipations

Figs. 8 and 9 and 12 and 13: It would be useful if the points with DI=1 could be marked as
‘failure with TMD’ and ‘failure without TMD’

In the captions of Figs. 10 to 13 it shall be indicated that these are valid for a far-field
earthquake excitation from Mexico City.

The time history and corresponding response spectrum of the far-field earthquake from Mexico
City shall be shown. In the text body the normalization of the accelerogram should also be
mentioned briefly, if missing. The ¢igenfrequency of the building shall be indicated in the
response spectrum.

In the discussion it should be mentioned that the effectiveness of the TMD is decreasing with
increasing damping (comment: in the analysis a damping ratio of 2% has been assumed for
earthquake excitation, which is a rather low value), with increasing detuning {comment: in an
R.C. building stiftness will also decrease with increasing damage index and therefore during the
inelastic response the TMD will be detuned) and with increasing damage index (due to
increased hysteretic damping).

The definition of the storey restoring force Q(t) should be given.

It would also be useful if a statement could be made about the effectiveness of a TMD in the
case of a broad-band seismic exictation.

12.3.2002
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Abstract

The effectiveness of tuned mass dampers (TMD) for control of structures under seismic
ground motion is investigated. Since describing the effectiveness of TMD using
displacement reduction of the structure is found to be insufficient after yielding of the
structure, damage reduction of the structure is proposed instead. Numerical simulations of a
20-storey reinforced concrete building modeled as an equivalent inelastic single—degfee—of-
freedom (SDOF) system subjected to both harmonic and the 1985 Mexico City (SCT)
ground motions are considered. It is demonstrated that although TMD cannot reduce the
peak displacement of the controlled structure Vaf’cer yielding, it can significantly reduce
damage to the structure. In addition, certain degrees of damage protection and collapse

prevention can also be gained from the application of TMD. This is of particular significance
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E-mail addresses: fcetpk@eng.chula.ac.th (T. Pinkaew), Ipanitan@chula.ac.th (P. Lukkunaprasit).

Pinkaew, T., et al. September 10, 2001 1
85



in view of the current trend toward performance based design in which TMD may be

installed to achieve the target performance of buildings designed for seismic loads.

Keywords: tuned mass dampers; seismic excitations; inelastic structures;, damage

reduction

1. Introduction

The passive tuned mass damper (TMD) is found to be a simple, effective, inexpensive, and
reliable means to suppress undesirable vibrations of structures caused by harmonic or wind
excitations [1,2]. Under earthquake excitation, which is rather random, its performance,
however, greatly depends on the characteristics of ground motion [3-5]. It was found that
TMD consequently becomes effective in reducing the seismic response of structures only
when the ground motion exhibits narrow band frequency and long duration.

Villaverde and Koyoama [6] studied the influence of TMD on the response of a ten-
storey building subjected to the S60E component of the SCT accelerogram, Mexico City
earthquake, 1985. Due to the narrow bandwidth and long duration of the ground motion
record, they observed a reduction in the peak roof displacement of the building of about 40
per cent when a TMD with modal mass ratio of 0.042 was installed on its top.

Taking into account the possibility of damage to the building during a high intensity
earthquake, Soto-Brito and Ruiz [7] studied the influence of ground motion intensity on the
effectiveness of TMD. The response of a 22-storey nonlinear frame with a TMD was
considered under moderate and high intensities of SCT accelerograms. Their study showed

that the effectiveness of TMD in reducing the peak responses of the structure can be
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substantially decreased due to nonlinear behavior of the building, which generally occurs
under high intensity ground motions.

However, unlike the linear system, describing the effectiveness of TMD using peak
response reduction of the nonlinear structures alone seems insufficient [8]. Obviously, this
measure cannot account for the effects of accumulated damage due to low cycle fatigue.
That is of particular importance for the seismic application where the structure may
experience a significant number of nonlinear vibration cycles. Therefore, in such
circumstances, TMD is expected to effectively reduce not only the peak response of the
structure but also the induced-damage of the structure.

| In this study, damage reduction is proposed as an indicator to evaluate seismic
effectiveness of TMD with inelastic structures. A 20-storey reinforced concrete building is
modeled by an equivalent inelastic single-degree-of-freedom system. The numerical
stmulations of the building with and without TMD attached on top are performed. Two
records of ground motion characterized by a harmonic and a distant earthquake are
examined. The inelastic behavior of the structure is introduced by increasing the peak
ground acceleration of ground motions. By considering the vanation of the energy
dissipation in the structure, the TMD’s control characteristic and its inability to control high
intensity ground motion as found in the literature are explained. Since the structure is
excited in the inelastic range, the damage is quantified employing the well-accepted damage
index [9]. By comparing the induced-damage indices for the structure with and without

TMD, the effectiveness of TMD can be evaluated and explained.
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2. An example reinforced concrete building

In this study, a 20-story reinforced concrete office building 1s considered. The plan and
elevation of the building is shown in Fig. 1. The building utilizes a structural system with
morment-resisting frames in the longitudinal direction and a coupled moment-resisting frame-
shear wall system in the transverse direction. The building is designed only for gravity and
wind loads for Thailand with non-ductile reinforcement details. A uniformly distributed live
load of 2,500 N/m? and a maximum wind pressure of approximately 1,400 N/m® are
employed. Compressive strength of concrete of 30 MPa and yield strength of reinforcement
of 40 MPa are used. The cross-sections of the shear walls and beams are 0.30x8.00 m and
0.30x0.60 m, respectively, while the dimensions of the columns vary from 0.95x0.95 m at
the first floor to 0.45x0.45 m at the roof floor. The program IDARC [10] is used to model
the structure. The fundamental period of the structure, determined from analysis in the
transverse direction, is found to be 2.13 seconds. Pushover analysis using an inverted
triangular load is also performed. Fig. 2 plots the roof displacement of the structure against
the base shear of the structure. It should be noted that response due to designed wind load is

well within the elastic range of the curve.

3. An equivalent inelastic SDOF

The 20-story building outlined in previous section is modeled by an equivalent inelastic
single-degree-of-freedom (SDOF) system. The nonlinear pushover characteristics of the
building are ascertained and then its load-deformation characteristic is replaced by the

elastic-perfectly plastic behavior of the SDOF system. Although there exist many

Pinkaew, T., et al. September 10, 2001 4
88



formulations in the literatures for selection of the equivalent inelastic SDOF, the formulation
proposed by Fajfar and Fischinger [11] is adopted in this study.
The equation of motion that governs the response of the structure when subjected to

ground excitation can be expressed as

Mii(f) + Ca(f) + Q(¢) = -MrZ, (¢) (1)
where
Mand C are, respectively, the mass and damping matrices of the structure;
ii(r) and u(¢r) are, respectively, the acceleration and velocity vectors of the structure
relative to the ground;
Q(f) 1s the storey restoring force vector of the structure;

r is the influence coefficient vector which represents the displacement vector, u(?),

resulting from a unit support displacement and
X (t) is the acceleration of the input ground motion.
The base shear force of the structure is determined from F(f) = {1}7Q(®).

Using the transformation of the roof displacement of the structure, u*(?), to the

displacement of the SDOF, x(?), by

OTMD
d*'Mr

x(t) = u* (1) (2)

in which @ is the assumed shape vector of the structure normalized with respect to u*(?),

the above equation of motion of the structure, Eq. (1), can be rewritten as
mi(t) + cx(t) + q(f) = —m¥, (¥) (3)

where
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m=®"Mr isan equivalent mass;

C___cpTC(p.@_[

OTMD is an equivalent damping;

q(t) = @ Q(?) is an equivalent restoring force and
¥(f) and x%(r) are the acceleration and the velocity of the equivalent SDOF.

Based on the load-displacement relationship of the structure obtained from pushover
analysis with an inverted-triangle load distribution as shown in Fig. 2, the corresponding
properties of the equivalent elastic-perfectly plastic SDOF previously mentioned can be

computed as listed in Table 1 and plotted as the dotted-line in the same figure.

4. Earthquake ground motions

Two different ground motions, characterized by harmonic acceleration and distant
earthquake acceleration, are erﬁployed as the input ground motions. Both are scaled to have
various peak ground accelerations (PGA) in order to study the influence of the degree of
inelasticity in the structure on the effectiveness of TMD. Harmonic ground motion is
generated for 50 seconds from a constant amplitude sine wave with the same period as that
of the structure, while the acceleration record at the SCT station of the 1985 Mexico City
earthquake is used to represent distant earthquake ground motion. The dominant period of
this acceleration record is very close to that of the structure. These intentionally lead to
extreme conditions where the structure vibrates in resonance with the excitations and
consequently TMD is expected to be effective for suppression of both displacement and

energy of the structure.
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5. Damage quantification
For earthquake excitation, it is generally necessary to permit some degree of induced-
damage in the structure, otherwise the design would be too costly. However, the damage
should be kept below a certain amount in order to avoid collapse.

To investigate the effectiveness of TMD in reducing damage to the structure induced
by ground excitation, the damage index as suggested by Park et al. [9] is adopted for the

system Eq. (1), which can be globally described by

* dE
DI:u'l'+/5'——'[. )
u, uuVy

where
u, and wu, are the maximum and the ultimate displacements of the structure at roof,
respectively;

IdE is the cumulative hysteresis energy of the structure;

V, is the base shear at yielding of the structure and
[ is the strength deterioration parameter (= 0.27 by Ciampoli, et al. [12]).

This damage equation accounts for damage due to maximum inelastic displacement,
as well as damage due to cumulative low-cycle fatigue. The value of DI can vary from 0 to

1.0, which corresponds respectively to the damage level of the structure from no damage to

collapse [13].
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6. Structure with tuned mass damper (TMD)

A TMD is installed on top of the structure to reduce the displacement and the damage
induced by ground excitations. For computational convenience, the equivalent inelastic
SDOF obtained in Section 3 is employed to represent the 20-story R/C building as outlined
in Section 2. Thus the equations of motion describing the structure-TMD interaction can be
stmply expressed by

mx(t) + cx(t) + q(t) = —mi (1) + ¢, 2(8) + ke (1) (5)

and mp E(0) + ¢, () + ke 2(t) = —my [ %, (6) + %(2) | (6)
where -

my,, ¢, and k. are the mass, damping, and stiffness of the TMD, respectively;

and Z(7), z(t), and z(r) are the relative acceleration, velocity and displacement of the TMD.

In the following numerical investigation, a mass ratio of 1.40%, corresponding to an
effective mass ratio of 0.03 between the TMD mass and the structure’s first-mode
generalized mass, is considered. Assuming linear behavior of the controlled structuré, the
stiffness and damping coefficients of TMD are optimized for harmonic base excitation [14].
This yields the optimal values of the TMD parameters as listed in Table 1 along with the

properties of the example structure.

7. Effectiveness of TMD under a harmonic ground motion
The effectiveness of TMD is evaluated under harmonic ground motion. The inability to

control high intensity ground motion is demonstrated and explained. The use of damage

Pinkaew, T., et al. September 10, 2001 g8
92,



reduction of the structure as the effectiveness measure of TMD is introduced instead of
using displacement reduction alone.

7.1 Displacement Reduction

Figs 3 and 4 show the typical displacement histories of the structure with and without TMD
under harmonic ground motion with PGAs of 0.01g and 0.05g, respectively. The motion
frequency is i‘ntentionally set to be the natural frequency of the structure. In these figures,
the former represents the case where the structure is vibrated within the elastic range and
significant displacement reduction of the structure can be gained from the application of
TMD, whereas the latter represents the case where the structure is vibrated well within the
inelastic range and the displacement reduction of the structure by application of TMD is
substantially decreased. To show the influence of degree of inelasticity in the structure on
the performance of TMD, Fig. 5 compares the displacement ratio of the structure with and
without TMD for various PGAs of ground motion. In the figure, the displacement ratio of
the structure is calculated from the ratio of the steady-state displacement of the inelastic

structure with or without TMD to that of the corresponding elastic structure without TMD,

while the input PGA is represented by the normalized PGA, |J'c'g\/(qy /m). To ascertain the

effectiveness of TMD in terms of displacement reduction of the structure, Fig. 6 plots the
steady-state displacement reduction of the structure due to the application of TMD as a
function of normalized PGA. 1t is obvious from Figs. 5 and 6 that TMD is very effective in
reducing the displacement of the structure by as much as 77% when normalized PGA is less
than 0.042. This is the case where the structure is vibrated within its elastic range. However,

beyond this range, the TMD’s effectiveness gradually decreases as the PGA increases and
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becomes as small as 10% when normalized PGA is greater than 0.176. These findings
coincide with those found by previous studies [4,7] in which the effectiveness of TMD is
reported to be substantially deteriorated when the structure’s motion is characterized by
significant inelastic vibration. This control deficiency can be demonstrated through
inspection of the energy dissipation of TMD as shown in Fig. 7. In the figure, the energy
dissipation in the structure due to inherent damping, yielding and TMD are normalized by
the corresponding kinetic energy of the structure and are plotted against the normalized
PGA. The figure shows that TMD slightly loses its effectiveness in dissipating the energy
from the structure once yielding occurs in the structure. This is because yielding raises the
apparent damping of the structure and consequently disturbs the tuning condition of TMD.
Although the dissipation reduction of TMD seems significant in this considered range of
PGA, the large amount of dissipation due to yielding causes the contribution of TMD to
become a comparatively small portion. As a result, a displacement reduction of the structure
of only 10% is obtained from the application of TMD.
7.2 Damage Reduction
It is clear from Figs 5 and 6 that TMD can completely protect the building from yielding up
to a normalized PGA of 0.156. Although the displacement reduction in this range indicates
deterioration of TMD’s effectiveness, this is of particular importance for seismic applications
in which the objective of TMD installation is to suppress the damage to the structure rather
than its displacement.

Therefore, the following introduces the damage reduction of the structure to

describe the effectiveness of TMD instead of the displacement reduction. Employing the
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damage model previously outlined, Fig. 8 compares the damage tndex of the structure with
and without TMD under harmonic ground motion, while Fig. 9 shows the damage reduction
gained from TMD. In the figure, the damage reduction is calculated from the difference
between damage to the structure with TMD and without TMD divided by that without
TMD, (Dlwo-Dinp)/ Diws,. 1t is pointed out that, for normalized PGA less than 0.042, the
damage reduction of the structure due to TMD is not defined since there is no damage to the
corresponding structure without TMD. Unlike the displacement reduction as in Fig. 6, the
figure shows complete damage reduction due to TMD for normalized PGA between 0.042
and 0.156. This implies the usefulness of TMD even when the structure is subjected to
modefate input ground motion. However, further increasing the PGA causes yielding in the
structure with TMD and damage reduction of about 40-70% is obtained for normalized
PGA between 0.156 and 0.306. In this range of input PGA, the damage reduction decreases
as the PGA increases. It is also observed that, for normalized PGA between 0.306 and
0.443, the computed damage of the structure without TMD exceeds the collapse limit, i.e.
Dr>1.0, while that of the structure with TMD is still within the limit. This corresponds to the
case where the TMD can prevent the structure from collapse. Beyond this range of input
PGA (normalized PGA. greater than 0.443), the structure with TMD also collapses and

therefore the application of TMD to the structure provides no benefit.

8. Effectiveness of TMD under a distant earthquake
In this section, ground motion recorded from the distant earthquake in Mexico City (1985)

at SCT station in the N-S direction is employed as the input ground excitation. This record
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is found to have its predominant period close to the first natural period of the structure. The
effectiveness of TMD is again evalvated in terms of displacement and damage reduction of
the structure.

8.1 Displacement Reduction

Fig. 10 plots the displacement ratio of the structure with and without TMD against the input
PGA of ground motion. In this figure, the displacement ratios are calculated using peak
displacement instead of steady-state displacement as in Fig. 5. It can be seen from the figure
that TMD is very effective in reducing the peak displacement of the structure when the
structure 1s vibrated within the elastic range. However, its effectiveness gradually decreases
as thelinelasticity in the structure increases. It is noticed that, for normalized PGA higher
than 0.40, the structure with TMD exhibits larger displacement than that without TMD. This
leads to negative displacement reduction of TMD as shown in Fig. 11.

8.2 Damage Reduction

Fig. 12 compares the damage indices of the structure with and without TMD under the SCT
ground motion for various PGAs, while Fig. 13 shows the damage reduction gained from
the application of TMD. The figures reveal that TMD always reduces the damage to the
structure for the entire range of PGA considered. Similar to the case of the harmonic ground
motion, TMD perfectly protects the structure from damage for normalized PGA less than
0.20, and yields about 20-40% reduction of the damage for normalized PGA. from 0.20 to
0.685. It is interesting to note that, for normalized PGA greater than 0.40, TMD provides
positive effectiveness in damage reduction of the structure although its effectiveness in terms

of displacement reduction is found to be negative (see also Fig. 11). This is because the
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damage index of the structure under the SCT ground motion is mainly governed by the
energy term, 1.€. the second term of Eq. (4), which is effectively reduced by TMD. it should
also be noted that, for this ground excitation, TMD prevents collapse for normalized PGA
from 0.685 to 0.841. Beyond this range of the input PGA, the structure with TMD collapses

and therefore the application of TMD becomes useless.

9, Conclusions

The effectiveness of the TMD for control of the 20-storey reinforced concrete building
subjected to both harmonic and the 1985 Mexico City (SCT) ground motions is
investigated. Using numerical simulation, the obtained results indicate that the commonly
used displacement reduction of the structure fails to prescribe the effectiveness of the TMD
when damage occurs in the structure. This is because it does not provide sufficient
information on the damage state of the controlled structure which is the main concern in
engineering applications.

Therefore, direct use of damage reduction of the structure becomes more relevant
and it is employed as the indicator of TMD effectiveness in this paper. Based on the ground
motions considered, which have predominant periods close to that of the structure, the
TMD is found to provide damage protection for the structure up to a certain level of input
PGA. With a higher level of input PGA, it also significantly reduced the damage to the
structure, which would suffer substantial damage in its absence. With further increase of

input PGA, it is found that the application of TMD can prevent the structure from collapse.
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By comparing these damage characteristics to those of the structure with higher yield
strength of base shear, this application of TMD is equivalent to an increase in the yield
strength of the structure of about 45% and 20% for the harmonic and the SCT ground
motions, respectively. This is of practical significance in view of the current trend toward
performance based design in which the TMD may be installed to achieve the target

performance of buildings designed for seismic loads.
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Table 1 Properties of the structure, the equivalent inelastic SDOF and TMD.

I =378.0 MN, ¥, = 43.5 MN,

System, Eq.(1) .
1, =0258 m, », = 1.68 m, ductility = 6.5

Structure
m=17.9x10" tons, = 2.95 rad/s, &= 0.02
SDOF, Eq.(3)
gy=274MN,x,=0175m, x,=1.14m

mr=537x10" tons, kr = 4.41x10° kN/m,

Tuned Mass Damper (TMD)
wr =2.87 rad/s, &= 0.105
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ARBRSTRACT

An experimental investigaticn of the effectiveness of hook-clips in improving
the performance of conventional 90-deg hook ties and ACI crossties 1in
moderately confined reinforced concrete tied columns is described. The tie
configurations provided in the five large-scale specimens tested included 90-

deg hocok ties and ACI crossties, with and without hook-clips, and 135-deg
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hook ties. The columns were subjected to moderate levels of compregsion and
cyclic lateral loads. The hook-clips were found to be effective in improving
the performance of concrete columns confined with $0-deg hook ties and ACI
crossties, resulting in the displacement ductility factor and energy

dissipation capacity to be increased by about 85% and 400%, respectively.

XKeywords: %0-deg hook; ACI crosstie; hook-clip; reinforced concrete column;

ductility; energy dissipation.

INTRODUCTION

Although extensive studies of reinforced comcrete (r.c.) columns confined
with 135-deg hook ties have been carried out,'® little work has focused on the
performance of 90-deg hook ties, in spite of the fact that crossties with a
135-deg heook at one end and a 90-deg hook at the other (ACI crossties) are
permitted by the ACI Code’, even in areas of high seismic risk. Razvi and
Saatcioglu® tested two specimens with 90-deg hook ties, and the results
indicated that they were inferior to columns confined by 135-deg hooks at
axial strains in excess of about 0.015. Sheikh and Yeh® investigated the
behavior of tied columns with different reinforcement and tie configurations
under medium to high axial load levels and flexure. Croséties with 90-deg
hooks were reported to cause brittle failure and to be harmful rather than
beneficial, especially at high axial loads. Lynn et al.' tested eight full-
scale reinforced concrete columns having details widely used before the mid-
1970’s in the U.S.A. and including 90-deg hock tie details among others.
Cyclic load-displacement curves were obtained for light and moderate level
axial loads. The poor performance of 90-deg hook ties was evident, leading to

rapid loss of gravity load resistance. Wehbe et al.'' tested four r.c. tied
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columns bound by 135-deg hook hoop ties and ACI crossties with moderate
confinement. In all specimens, it was observed that opening of the 90-deg
crosstie thooks initiated failure, leading to buckling of the outer

longitudinal-steel. Subsequently, the 135-deg hooks also started to open up.

The deficiency of 90-deg hook ties in columns was witnessed in past
earthquakes in bridges, reinforced concrete buildings and steel reinforced
concrete structures.' "' Despite their poor performance, 90-deg hook ties are
s5till wused extensively worldwide in low to moderate seismic risk regions
because of the ease of their placement compared with the 135~deg hooks.
Ninety-degree hook ties ars =ven more appealing in developing countries where
laying of reinforcing bars is quite commonly not practiced to & high level of
precision, making iT extremely difficult to put 135-deg hook ties in place
when the vertical bars are misaligned. Recently, Lukkunaprasit'® introduced a
simple device called a “hook-clip” to be clipped onto the conventional 90-deg
Hook ties or crossties at the sites. Experimental tests on axially loaded
short columns revealed that the performance of r.c. tied columns with 90-deg

hooks and hook-clips was comparable to that of columns with 135-deg hook

ties.
RESEARCH SIGNIFICANCE

In view of the importance of vertical load resistance members, it 1is
essential to have ductility in columns to ensure vertical load resistance
even in zones with low to moderate seismic risk. Enhancement of performance
of 90-deg hook tied columns would contribute to reduced damage due to
earthquakes in such seismic risk regions. Furthermore, while there exist
numerous test data on r.c. tied columns with ductile detailing for areas of

high seismicity, there is a paucity of test results for lower ductility
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demand suitable for moderate seismic risk regions. The experimental results
from this study would form a valuable addition to the database of r.c. tied
columns under cyclic loadiné. The effectiveness of hook-clips in improving
the performance of conventional 90-deg hook ties and ACI crossties in columns

for a moderate level o©of ductility was investigated. Enhancement in

displacement ductility and energy dissipaticon capacity was also examined.
THE HOOK-CLIP

To prevent premature opening of 90-deg hocoks, a supplementary tie or “hook-
clip” has been devised which is to be embedded in the concrete core with its
hooks holding the legs of the hook ties. The clip resists opening of the 90-
deqg hook after loss of the concrete cover. Fig. 1{a) shows the details of the
clip proposed for binding 9 mm diameier ties or smaller. The hook-clip may be
employed to clip the legs of any hoop tie or crosstie with 90-deg hooks (see
Fig. 1(b})}. With the clips prefabricated, they can be applied easily at the

site, without any welding.
EXPERYMENTAY, PROGRAM

Test specimens

Five column specimens 400mm by 400mm in cross section and 1500mm in height
served as test specimens. Each test unit was reinforced with 16 longitudinal
deformed bars of 20mm (DB20) nominal diameter. Transverse reinforcement
consisted of O9mm diameter hoop ties and ACI crossties, with consecutive
crossties alternated end for end along the axis of the column. The ties were
supplied with either 90-deg or 135-deq hcoks, depending on specimens. Each

hook had an inside radius of twice the tie diameter and an extension of 6 bar
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diameters, but not less than 60mm. The reinforcement detailing was in
accordance with the non-seismic detailing provisions in the ACI Code’. Fig. 2
depicts a typlcal column cross section, and Table 1 lists the relevant data

of the test specimens.

It should be noted that a relatively large bar size (viz. 20mm diameter)} was
used for the longitudinal reinforcement so that when the bars buckled, a
large outward thrust would be exerted on the ties, which would, in turn, try
to pull the hock-clips out of the confined core. The tie spacing provided
(120mm) was smaller than that stipulated by BACI Code £for non-seismic
detailing, which allows as much as 300mm for the specimens tested. The
closer spacing was chosen in view of the higher demand on the ties In
providing-lateral restraint for the lcngitudinal bars when buckled in shorter
unsupported lengths. Conseguently, a higher demand was alsc imposed on the
hook-clips in order to prevent the ties from opening. Nevertheless, as can
e seen in Table 2, the lateral reinforcement provided, 3;, , was only 391-52%

of the minimum amount required by ACI in areas of high seismicity.

Special care was taken to achieve the following tolerances in construction:
.cross sectional dimensions +1 percent; c¢olumn height +1 percent; tie
dimensions in the critical region +1.2 percent; tie spacing in the critical
region +3 percent; widths and lengths of hook-clips +3 percent; and

verticality of specimen + 1/500.
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Material properties

All specimens were made of normal-strength materials. Normal-weight
concrete with a maximum aggregate size of 20mm was used. The concrete
compressive strengths of the standard concrete cylinders on the day of

testing, f., , were in the range of 30.5-38.9 MPa.

The reinforcing steel used consisted of deformed bars with an average yield
strength, £,, of 472 MPa for longitudinal reinforcement, and smcoth round bars
with yield strengths, f., 1in the range of 297 to 318 MPa for transverse
steel. The average modulus of elasticity of the reinforcing bars was 212,000
MPa. The clips were fabricated from 5mm diameter mild steel bars whose yield
strength and modulus of elasticity were 450 MPa and 204,500 MPa,

respectively.

It should be noted that, except for the slight variation 1in concrete
strengths {about 15% from the mean wvalue) and the hook configurations, all
specimens were Dbasically the same in physical properties. Specimens
CF90/0.30, CF135/0.30 and CFL90/0.30 were designed to 1investigate the
ductility performance of conventional 9%0-deg hooks, 135-deg hooks and 90-deg
hooks with hook-clips, respectively. The 1label 0.30 designates an axial
stress level of 0.30 £, (based on gross cross sectional area). The performance
of hook-clips was re-confirmed with another set of specimens, CFLS0/0.37 and

CF135/0.37, which were compresssd to a higher axial stress level of 0.37 f,.
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Test setup

Fig. 3 shows the schematic diagram of the test setup. The column footing was
tied down to a strong flcocor by six high-strength steel bars post-tensioned to
a total force of 3000 kN. In additicon, a strut-and-~tie system was employed
to further provide lateral restraint to the foundation to minimize its
movement. The axial load on each specimen was applied by means of a hydraulic
jack bearing against the column top and a load transfer girder sitting on top
of the jack. The reaction from the lecading jack was resisted by twoc 240mm
high-~strength steel bars which tied the transfer girder to the foundation. A
calibrated 1000~kN hydraulic actuator was employed to sunply the eyclic
lateral force, which was applied through & shaft placed in an embedded sleeve
near the tog c¢f the column. Although the specimens were setl up with extra
care to minimize the eccentricity of the lateral force te within 4mm on
average, a lateral bearing system was alsc utilized to prevent any out-of-

plane movement of the column during testing.

Instrumentation

Linear wvariable differential transformers (LVDTs) were employed to measure
the lateral displacements of the column along its height. The second and
third hoop ties above the base were instrumented with electrical resistance
strain gages, placed at the Jlocations shown in Fig. 2. For specimens
CFL90/0.37 and CF135/0.37, additional strain gages were also attached to the
crossties at the second, third and fourth levels, in the direction of
loading. An angle measuring device was used to monitor the inclination of the

column top.
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The vertical load was measured by means of a calibrated pressure gage. The
1000 kN hydraulic actuator for horizontal load application was fitted with a
load cell. Signals from the load cell, LVDTs and strain gages were connected

to a computerized data acquisition system.

Testing procedure

The test specimens were first subjected to preliminary leadings under S0

percent of the specified axial load and a wvery small lateral load ({in the

order of 30 kN) in order to determine accidental eccentricities of the

loadings, as well as to assure proper functioning of all measursmenl devices.
Any necessary corrective measures would then be applied to ensure zhar tha
accidental eccentricity in the vertical load was within a tolerance of one

percent of the column width, on average.

Actual testing was carried out following the general procedure proposed by
Watson and Park’. After the application of the specified axial load, the
lateral force was load-controlled to + 75 percent of the theoretical lateral
yield walue, H,, computed on the basis of the ACI Code without any strength
reduction. The experimental yield displacement, 4,, was then extrapolated from
the average of the measured displacements at + 0.75 H, and - 0.75 H, {(Fig. 4).
Subsequently, each specimen was subjected to displacement-controlled cyclic
loading, starting from the displacement ductility 1level of 1. The
displacement ductility level was incremented at an interval of 1, in general,
with two cycles of loading performed .for each ductility level until the

ultimate capacity was reached. Failure was defined as the state when the

capacity of the specimen during the loading cycle considered dropped by more
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than 20 percent of the maximum capacity of the specimen., The associated

displacement is denoted by A4,, and the displacement ductility factor is

Ha = 4, /4, (1)

Loading was applied at a very slow rate, with one cycle completed in about
one hour. The slow rate of loading permitted control of the constant axial

force by manual operation of the hydraulic pump.

TEST RESULTS

Test observations

Specimaen Crz0/0.30 (with 90-deg hooks but without hook~clips} exhibited
normal rlexurzl and shear cracks when loaded through 2 cycles at ductility
1.0, and only a few small spalling cracks developed at the edges in ths
plastic hinge zone. However, during the first push cycle at ductility 2.0,
widespread spalling cracks occurred, which were caused by the popping out of
the 90-deg hooks of the hoop tie and crosstie in the second tie set aSove the
footing. At the end of the second cycle at ductility 2.0, those cracks
became excessive. During the next push cycle at ductility 3.0, a major part
of the concrete cover in the plastic hinge zone on the compression face
spalled off, exposing the 90-deg hooks. The member consequently lost its load
carrying capacity. The buckling mode of the vertical bars was not clear at
this stage. However, after being loaded through another half cycle, it could
clearly be sesn that the longitudinal bars had buckled over approximately
twice the tie spacings, indicating the inadequacy of the 90-deg hooks in the
critical hoop tie and ACI crosstie in restraining longitudinal bars at the

tie position (Fig. 5).
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Specimens CF135/0.30 {with 135-deg hooks) and CFL90/0.30 (with 90-deg hooks
and hook-clips) behaved in a similar manner up to ductility level 2.0 with
stable hysteresis lcops and little strength degradation. In contrast to
specimen CF90/0.30, which had already developed significant spalling cracks
at this ductility level, only a few small ones occurred in CFL90/0.30 and
CF135/0.30. When specimen CF135/0.30 was pushed through the first cycle of
ductility level 3.0, the spalling <racks, which had developed earlier at
ductility level 2 as small cracks &lony one edge near the base, rapidly
propagated with increasing widfh and length. Spalling cracks and swelling of

the concrete cover around the third tis set above the base also developed due

to expansion of the hoop tie. During the: last cycle at ductility 3.0, more
spalling near the base cccurred, and swelling of the concrete in the vicinity
of the 90-deg end of the ACI crossti- [ the second tie set was evident. The

next {incomplete) push cycle to duciility level 4.0 saw excessive spalling
and swelling of the concrete covering between the first and third tie sets,
with opening of the 90~deg hook in the 3CI crossties and eventual buckling of
the longitudinal bars (Fig. 6}. It was also observed that the 135-deg hock of
the most severely stressed hoop tie was so deformed that it opened up
substantially, indicating deficient anchorage of the heook due to the short

extension leqg provided for non-seismic design.

Specimen CFL90/0.30 exhibited remarkable behavior. Up to the second cycle,
at ductility level 3.0, the overall appearance of the column was still in
fairly good condition except for minor surface spalling of the cover at the
base on the compression faces (which had occurred since ductility level 2},
and some wide vertical spalling cracks near the edges in the plastic hinge
zone. Swelling of the concrete cover on the compression face was observed
near the location of one 90-deg end of the ACI crosstie at the second tie set

above the base, indicating expansion action of the ties and hooks. However,
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reinforcing bars were not exposed until the specimen was loaded to ductility
level 4, when extensive spalling of the concrete cover took place. Bending of
an inner longitudinal bar due to buckling could alsoc be clearly observed at
,this stage (Fig. 7). Of particular significance 1is the integrity of the hook-
clips in holding the legs of the 90-deg hook tie even at a substantial drift
of 4% as witnessed in Fig. 8. It was remarkable that the longitudinal bars
possessed significant post-buckling strength and the ties and hook-clips were
resilient in confining the core, so that a significant amcunt o<f the peak
load could be sustained, without abrupt failure, through one full cycle
before eventual failure by total buckling o¢f the longitudinal bars. The
buckling shape c¢f the longitudinal bars in the plastic hinge zcne resembloed

that of specimen CF135/0.30 {(Fig. 9).

Specimen CF135/0.37 displayed extensive spalling cracks near the edges in
thé plastic hinge zone when loaded to ductility level 2. Swelling of the
concrete cover was significant along the third hoop level, but less so at the
second hoop levei. The edges spalled off during the first cycle of w3y = 3, but
the longitudinal bars were still not visible. Just before the completion of
the second cycle at ductility level 3, there was & drastic drop in lateral
load resistance, followed by rapid widening of a major shear crack which had

previously been minute, leading to eventual failure.

The overall appearance of CFL90/0.37, on the other hand, was much better
than that of its counterpart, CF135/0.37. Similar «crack patterns were
observed in general, but the extent of cracking and damage was significantly
less in the former than in the latter. At , = 2, only a few minor spalling
cracks occurred over small areas at the base and at the third tie level. The

cracks developed into significant ones at the third hoop tie level at

ductility factor 3, with a clearly noticeable drop in lateral load
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resistance. This prompted a reduction of the displacement increment to 0.54,
for the next (and last) loading cycle. Buckling of vertical bars in the
plastic hinge zone led to an excessive drop in capacity and termination of

the test after 1% cycles of loading at ductility level 3.5.

Lateral load-displacement hysteretic response

The lateral load-displacement hysteretic responses for the test specimens
are shown in Fig. 10a - 10b and 11. The curves clearly indicate flexural
dominated characteristics. It is interesting to note that specimens
CF135/0.30 and CFL90/0.30 experienced stable hysteresis loops up to ductility
level 3.0, with similar general characteristics. While the specimen with 135-
deg hooks and (unclipped} ACI crossties suffered sharp decrease in lateral
load resistance during the next (and last) loading cycle to ductility level
4.0, the specimen with hook-clips exhibited a stable hysteresis loop in the
same c¢ycle, with little strength degradation. The latter was able to sustain
2 complete cycles at this ductility level, although significant degradation
in strength and stiffness occurred in the second cycle at |, = 4.0. The actual
ductility factor that could have been attained by this specimen was estimated

to be 3.7 which was based on equivalent energy dissipation and the condition

that the less in strength not to exceed 20 percent.

The sudden drop in lateral load resistance was even more pronounced in
specimen CF90/0.30 when it was being pushed to 3A,. The rapid decrease in
load resistance was caused by the opening of the 3%0-deg hook of the ACI
crosstie in the second tie set above the base, when the longitudinal bars

buckled over approximately two tie spacings.
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Specimen CFL%0/0.37 exhibited a more stable hysteretic response than
CF135/0.37, with much less st;ength degradation, when loaded from the second
cycle at ductility 2.0 to the second loading cycle at Py = 3. Reduction of the
peak load at ductility factor 3 was 22 percent for specimen CF135/0.37,
compared with only 8 percent for specimen CFL90/0.37. However, prior to
unloading from the second cycle at Uy = 3, specimen CF135/0.37 rapidly lost
its load capacity ({(by more than 45 percent) due to buckling of the vertical
bays at a displacement of +2.54A,. The specimen with hook-clips, on the other

hand, could still carry 85 percent of the peak load, and even sustained one
complete cycle at U, = 3.5 with a remarkable sustained capacity before final

failure.

Ductility performance

The displacement ductility factors attained by specimens CF90/0.30,
CF13S)0.30 and CFL90/0.30, under an axial stress level of 0.3 f,, were 2, 3
and 3.7, respectively {(see Table 3}. It may be noted that the displacement
ductility of CFP90/0.30 closely agreed with the value of 3.8 predicted by the
formula suggested by Wehbe, et al.''* for members with seismic detailing,
indicating the effectiveness of the hook-clips in enhancing ductility
performaqce_of columns with 90-deg hook ties. The ductility performance of
specimens without clips was expected to be unsatisfactory due to the use of
non-seismic detailing, and hence it was not compared with that predicted by

the Wehbe et al. equation.

The effectiveness of the hook-clips was again confirmed by specimen

CFL90/0.37, which was able to sustain the same displacement ductility factor
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as specimen CF135/0.30 even though it was subjected to a higher level of

axial load.

Strains in transverse steel

Focus was first placed on measurement of the hoop tie strains in the plastic
hinge =zones in specimens CF30/0.30, CFL90/0.30 and CF135/0.30. It was
unfortunate that some strain gages got damaged (some caused by the spalling
concrete) which resulted in incomplete data so that comparison of the maximum
axial strains in the hoop ties could not be made. Furthermore it was found
that the strains in the hoop ties were much influencgd by bending of the ties
caused by the lateral pressure exerted by the core and/ or buckling of the
longitudinal bars. 1In the last two specimens, therefore, attention was paid
to the measurement of the strains in the crossties which were predominantly
in tension. It was found that the-most severely strained crosstie in specimen
CFLBO/O.BT developed a maximum strain of 1.5 times that in CF135/0.37. 1In
fact, the former attained a strain of 0.0015, slightly higher than the yield
value of 0.0014. Better anchorage of the 90-deg hook ends with hook-clips
after spalling of the concrete cover obviously resulted from effective
restraint of the hook ends by the hook-clips, 1leading to the ability to
develop higher strains in the crossties, and enhanced confinement of the

concrete core.

Energy dissipation capacity

The ability of structures to withstand cyclic leading is commonly measured
in terms of the energy dissipation capacity, which is defined as the
summation of the energy E; dissipated within each cycle i. The normalized

energy dissipation capacity, Ey , is
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in which n 1is the number of cycles to failure, and H,, is the peak lateral

load during cyclic loading.

The normalized energy dissipation capacities of the specimens tested are
tabulated in Table 3 and the cumulative normalized energy capacities wversus
loading cycles are plotted in Fig. 12. Those cycles which resulted in a drop
in lateral load resistance of more than 20 percent of the peak lateral load
were excluded 1in the computation. It 1is remarkable that the energy
dissipation capacity of specimen CFLS0/0.30 was larger than the unclipped
speciﬁens CF90/0.30 and CF135/0.30 by about 400 and 96 percent, respectively.
At a higher axial load level of 0.37 f.Ay, the increase in the dissipated
energy was less. At any rate, the energy dissipation capacity of CFL90/0.37

was still 1.5 times that of CF135/0.37.
Effectiveness of hook-clips

From the test results, together with the following observations, it is
evident that the hook-clips were effective in improving the performance of

the 90-deg hooks in the hoop ties and ACI crossties:

a) At each ductility level, the number and extent of spalling cracks were
significantly lower in the specimens with hook-clips than in those without,
indicating less pop-out action of the 9%0-deg ends of the ACI crossties and
90-deg hooks in the hoop ties due to containment by the hook—ciips:

b} In contrast to CF90/0.30 with conventional 90-deg hooks, the clips in the

CFL90/0.30 specimen were able to prevent premature opening of the 90-deg
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hooks, leading to effective restraint of the wvertical bars at the tie
positions, and resulting in the vertical bars buckling by about half the
buckling length of those without clips, when buckling commenced, as depicted
in Fig. 7. ‘The shorter buckling length allowed the specimen to sustain a
higher load at the same deformation.

¢} The ductility performance of the specimen with 90-deg hook ties and hook-
clips far excelled that of the specimen without hook-clips. In fact, the
former even performed better than the CF135/0.30, which was confined with
135-deg ties and ACI crossties {without hook-clips). The reason is that the
ACI crossties with hook-clips in specimen CFL90/0.30 were effectively
restrained from opening up by the hook-clips, in contrast to the unclipped
ACI crossties in specimen CF135/0.30 which popped out at an earlier stage,
leading to loss of structural integrity.

d) The crossties with hook-clips were able to develop larger strains than

- those without c¢lips as mentioned earlier.
CONCLUSIONS

The hook-clips were found to be effective in improving the performance of
reinforced concrete columns confined with 90-deg hook ties and ACI crossties,
as evidenced by the significant enhancement of the ductility and energy
dissipation capacity and the fact that, for the tie configué:ations studied,
the buckling lengths of the longitudinal bars in specimens with hook-clips
were about half of those in specimens without them when bar buckling
comm-enced. In fact, for the specimens tested, the overall performance of the
specimens with hook-clips under a moderate ductility demand was even superior
to that of columns confined with 135-deg hook ties and conventional ACK
crossties. The effective restraint of the 90-deg ends of c¢rossties by hook-

clips enabled the most severely strained crossties in the plastic hinge
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region to develop a strain slightly higher than the yield wvalue. The
effectiveness of the hook-clips should be beneficial, even in regions of high

seismicity, pending further investigation.
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CONVERSION FACTORS

1 MPa = 145 psi
1 mm = 0.0394 in. i
1 kN = 0.2248 kips
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Table 1 - Daetails of test specimens

Concret . N ' Longitudinal .
Dimensions Transverse reinforcement
Specimen strength reinforcement Hook PIf.A,
I, | Width,| Depth,|Height,f py, f, (Dismeter, s, £ A,/sh, configuration
MPa mm | mm mm % | MPa mm mm MPa %

CF90/030 8% 38 97 1500 114 471 9 110 308 0.453 90" + ACI eromties; e dips | 0.30
CF 138/7030) 2357 398 356 1450 314 471 9 120 Jos 0.453 {135 + ACT crossties; ne clipe| 0.30
CFL % /030| 3.7 s k3 1500 L4 471 9 120 306 0.453 | 50° + ACI croasties with clips O.Jﬂ
CF135/0237] 3058 359 397 1500 314 475 9 110 313 0.453 135" + ACI cromsties; ne clipa| 037
CFL50/037| 314 398 57 1500 3.14 471 9 120 197 0.453 90" + ACE cromsties with dips| 037

Note: p,= longitudinal reinforcement ratio; 5 = center-to-center spacing between sets of ties;

h, = cross-sectional dimension of column core measured center-to—center of confining
reinforcement; P = axial load; and Ay = gross area of column section.

Table 2 - Lateral reinforcement ratio in comparison with ACI Code’

{seismic design)

] Lateral reinforcement ratio A,,/(sh.) |
Specimen | P/f,A,
Provided ACI Code Aw/Apace

CF 90 /0.30 0.30 0.0045 0.0115 0.39
CF135/0.30 | 030 0.0045 0.0105 0.43
CFL 90/0.30 0.30 0.0045 0.0093 0.49
CF135/037 | 0.37 0.0045 0.0086 0.52
CFL 906/0.37{ 037 0.0045 0.0098 0.46

Note: A,p,acr = minimum total cross-sectional area of rectangular hoops and
crossties as specified by the ACI Code.’
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Table 3 - Test results

Specimen By, Au Hdeop | Haca Mz, Ex, En/(H mazdy) Kailure
mii mm kN kN=-mim maode
CF90/0.30 143 28.4 2.0 - 315 16908 33 Flexure
CF 135/0.30 14.2 42.6 10 - 314 44806 10.1 Flexure
CFL.90/0.30 15.0 55.5 a7 38 284 83032 19.3 Flexure
CF 135/0.37 14.2 42,4 25 - 295 27821 6.6 Flexure
CFL90/0.37 13.2 35.6 30 35 303 41448 10.4 Flexure

Note: ‘HA'H‘D: displacement ductility factor from experiment; and #A,ca!= calculated

displacement ductility factor in accordance with the formula proposed by Wehbe et al.!
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ELEVATION

{Dimensions in mm)

(a)

(b)

Fig.1l-(a) Details of hook-clip; and (b) Hook-clips engaging %0° hoop

ties and crossties
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Fig. 6 - Failure mode of CF135/0.30
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Fig. 8 - CFL90/0.30-Effective restraining of 90-deg hook legs by hook-

clips at a large drift of 4%

Fig. 9 - CFL90/0.30-Effectiveness of hook-clips in restraining hook

opening at failure
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Load History Effect on Cyclic Behavior of R.C. Tied Columns

By P. Lukkunaprasit' , Fellow, ASCE, and J. Thepmangkorn®

Abstract : The effect of two commonly used load histories on the ductility and energy
dissipation capacity of reinforced concrete tied columns was investigated. Based on
regression analyses of the test results reported in the literature, the effective confinement
reinforcement ratio was found to provide a good correlation with the performance
indexes studied. The parameters accounted for include the material strength ratio, the
amount of the transverse reinforcement, the axial load level and the effectiveness of the
tie configurations. For moderate values of the effective confinement steel ratio, load
history with increments of two times the yield displacement was found to be slightly
more severe than that with one yield displacement increments. The effect of load history

tends to be less significant for higher values of the effective confinement steel ratio.

INTRODUCTION

The influence of load history on the cyclic behavior of reinforced concrete (r.c.)
members has been recognized for some time. Gosain et al. (1977) proposed the modified

work index, /|, as a measure for evaluating the severity of the loading for r.c. members.

They also pointed out limitations of the method when applied to significantly different
load histories. For instance, loading to a deflection of 10 times yield displacement twice
would likely yield more severe damage than loading four times to a deflection of 5 times
the yield value, even though both loadings yield approximately the same value of work

index. Noting the weak correlation of [, with the test data, Darwin and Nmai (1986)

proposed an energy dissipation index, D; , designed to provide an objective measure of
beam response. It was found that D, was strongly controlled by the maximum shear

stress, Om , the concrete strength, £, and the transverse steel capacity, vs, in the form

! Prof., Department of Civ. Engrg., Chulalongkorn Univ., Bangkok 10330, Thailand
? Former graduate student, Department. of Civ. Engrg., Chulalongkom Univ., Bangkok 10330, Thailand.
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of the parameter (vs f >3/ vy, *. Hwang and Scribner (1984) carried out experimental

investigations on the effect of load history on reinforced concrete cantilever beams. The
sequence of application of large and small deformations was found to have relatively
small effect on the strength and stiffness degradation, and total energy dissipation
capacity of the member. The most significant factor was the maximum displacement the
members experienced. A limited investigation by Wight and Sozen (1975) seemed to

suggest the same result.

Jt may be noted that most of the studies mentioned dealt with beams, with relatively
little work carnied out on columns. In the majority of studies on the cyclic behavior of
reinforced concrete tied columns, the material properties, the amount of confinement
steel and the effect of axial load level, are normally taken as the main parameters (e.g.
Soesianawati et al., 1986; Azizinamini et al., 1992; Watson et al., 1994, Wehbe et al.,
1999). The effect of tie configuration effectiveness has recently been considered by
Sheikh and Khoury {1997). However, no single standard load history has been employed,
and it is difficult to compare the performance of r.c. members tested by different
investigators using different load histories. Furthermore, constitutive relationships have
been normally assumed to be independent of load histotes. It was thus the primary
objective of this study to investigate the effect of load histories on the ductility and
energy indexes of r.c. tied columns under cyclic loading. A parameter which influences

the cyclic performance of r.c. tied columns was also identified.

PERFORMANCE EVALUATION

To evaluate the performance of columns on a rational basis, 1t is theoretically
preferable to resort to a common and systematic approach in determining the vanous
response parameters such as the yield displacement, the ultimate displacement, etc.
Following the procedures outlined by Sheikh and Khoury (1993), the envelope curve
(which results from the average of values in both directions) to hysteresis loop s first

constructed. The displacement ductility factor, g4, 1s defined as
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Ha = “ (1)

>

where A4, is the displacement reached when the capacity of the specimen dropped to 80%
of the peak value, which is considered as the failure load, and A4, is taken as the
displacement value attained at the peak lateral load, H__ , assuming an initial stiffness K;

as shown in Fig. 1.

In computation, the initial stiffness may be difficult to obtain accurately due to some
fluctuations in displacement data at small loads. Assuming that the initial response is
essentially elastic at a lateral load not exceeding 30 percent of the maximum capacity of
the specimen, the secant modulus at this load level was taken as a good approximation of

the initial stiffness for practical purposes.

The dissipated energy, E, is defined as the cumulative energy dissipated within each

cycle i, shown as the hatched area £; in Fig. 1. Thus
E=73 E, 2)

in which » is the number of cycles to failure. The normalized dissipated energy, Ey , is

_ !

E
NoH A

max Y

SE, ©

Rather than computing the dissipated energy, Gosain et al. {1977) proposed the

following work index as an alternative performance indicator

Ly = [(HA)/(H 8] )

where H; and A; are the maximum values of the lateral load and displacement in cycle i,

respectively, averaged in both directions. Eq. (4) was further simplified to
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N, = 2(4 /4,) )

which can be interpreted as the cumulative ductility ratio (Sheikh and Khoury,1993).

Effective confinement steel ratio

It has been pointed out that while the AClI Code provisions for the design of
confinement steel for high seismic risk regions are conservative for low axial loads, they
may not be sufficient for high levels of axial load. Watson and Park (1994) proposed a
design equation which accounts for the ductility performance in terms of curvature
ductility factor, u,, the influence of axial load level as well as material and dimensional
parameters. Sheikh and Khoury (1997) developed a procedure for the design of
confinement steel considering axial load level, tie configuration, and the expected
curvature ductility performance.

Based on the concept of Sheikh and Khoury, it i1s suggested that the effective
confinement steel, Ay (k.), for a targeted ductility demand, u, be given by the ACI

confinement steel, 4, 4cr, modified by the axial load and ductility level functions, i.e.
A (k) = Aswacr gua)¥, (6)

where k. is the confinement effectiveness coefficient normalized with respect to 0.75,

which is the upper bound value assumed by the ACI Code for the efficiency of rectilinear
ties in companison with that of closely-spaced spirals; g(14)is a nonlinear function of the
displacement ductility demand; and Y, is the axial load parameter given by (Sheikh and

Khoury, 1997)
Y, = 1+13(P/Py)’° (7)

in which P is the axial load, and P, is the ultimate load capacity.
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Several researchers have proposed different formulae to account for the non-uniformity
in confining pressure resulting from bending of ties under lateral pressure, which causes
reduction in confinement effectiveness. The simple empirical formula proposed by

Saatcioglu (1996) for the confinement effectiveness coefficient, k., was used in this

k, = 0.15 [g}{rbi} <1 (8)
S S\

where b, is the confined core dimension, center-to-center, of the perimeter hoop; s, is the

study:

spacing of ties; and s, is the spacing of the laterally supported longitudinal reinforcement.

Eq. { 6) can be rewritten as

Ha = flpa) ®

where f{p,) is a nonlinear function of the effective confinement steel ratio to be obtained
from a regression analysis of test results. The ‘effective confinement reinforcement

ratio’, oy , is defined as

Ash k;

(10)
Ash,AC!Y P

PA

This important parameter enables comparison of performance of column specimens
with different transverse reinforcements (including tie arrangements) and different axial

load levels.
Test Samples

Based on the number of test results available in the literature which needs to be large
enough for a regression analysis, and the availability of digitized hysteresis loops, the
number of test specimens that could be used in this study was only 17. The test samples

can be broadly grouped into two categories in accordance with displacement histories

(Fig. 2), viz.,
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History type 1 : increments of 14, with basically two cycles repeated for each
displacement increment
History type 2 : increments of 24, with basically two cycles repeated for each

displacement increment

Histories types 1(a) and 2(a) are the basic ones. The others differ from the basic
displacement histories in minor details. The extra third cycle at 64, for specimen B2
with History Type 1(b) was accompanied by a much reduction in the lateral load
capacity, and hence did not contribute to the energy computation. History Types 2(b)
and 2(c) include extra cycles at 14, which contributed less than 1% of the total energy.
Judging from the stable hysteresis loops, the first two cycles at ductility level 74, for
specimen B1 with History Type 2(c) were approximated as equivalent to one cycle of
84,, assuming that one complete cycle at ductility level 84, could have been attained if

the loading history had strictly followed the 24, increments.

Table 1 summarizes the details of test specimens whose results are used in the analyses.

The main parameters, besides the displacement histories, include :

a) material strength ratio f; / f» in the range of 0.060-0.136, where f, is the

concrete compressive strength and £, is the yield strength of the transverse steel;
b) shear span-to-depth ratio : 3.0 or larger;
¢) longitudinal reinforcement ratio : 1.51-2.45%;
d) transverse steel in the range of 29% - 236% of that specified in ACI code (1999);
¢) axial load level of 0.08-0.77 of the concrete gross section capacity;

f) tie configurations as shown in Fig. 3.

All column specimens were made of normal strength concrete with conventional hoops
and/ or ties, and all exhibited flexure mode of failure. The data on hysteresis loops were

obtained from the web site: www.ce. washington.edw~peeral.
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ANALYSIS OF RESULTS

Displacement ductility factor

The calculated values of the displacement ductility factor, ti4.., are tabulated in Table
2 and plotted in Fig. 4 as functions of the effective confinement reinforcement ratio, pa.
The values of ti4.q, reported (or implied) by the researchers are also included in Table
2. Tt may be observed that for load history Type 1, the discrepancy In p4cq and fig.xp 1S
in the range of 5.8-20.0%, which is acceptable. However, for load history Type 2, the
agreement became worse for some specimens. For instance, for specimen UNIT2 by
Soesianawati et al. (1986), the test result suggests a value of 40y 0f 6.0, much smaller
than the computed value of 9.0. To be capable of reaching a ductility factor of 9.0, the
specimen would have had to be able to sustain 10 (main) cycles {with adequate capacity)
rather than 6, which was actually sustained. Obviously it 1s doubtful if the specimen
could actually be able to develop a ductility of 9.0. Therefore, it was deemed more

appropriate to use the values of 4.+, as reported by the researchers for the load histories

Type 2.

The plot in Fig. 4 shows that the most of the data points for u,.. for Type 1 load
history are contained in a small band when they are plotted against pa, while those for

Type 2 load history are much more scattered. A second order curve fitting of Type 1

load history data points, yields
Haca = -12.86 pi+1554p,+1 (11)

with the goodness-of-fit index, Rz, equal to 0.33. It is assumed here that the
displacement ductility factor of 1.0 is attained for an un-confined section. The rather low
R? is to be expected because the parameter py reflects several factors including the
amount of transverse reinforcement, strength ratio, axial load level and tie configuration

effectiveness, the latter being difficult to quantify precisely.

One may note that the plot of 4., versus py (also shown in Fig. 4) agrees quite well

with that of g4.» except for larger values of p4 , where there are few data points.
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Clearly more data arec definitely needed. As for Type 2 load history, no meaningful
curve {ilting is possible with the few sample points. Nevertheless, as expected, testing
with displacement increments of 24, seems to yield slightly higher ductility factor than

testing with 14, increments.

Energy Dissipation Capacity

The plots in Fig. 5 and Fig. 6 clearly indicate tendency for the normalized energy
dissipation capacity and cumulative ductility ratio to increase nonlinearly with the
effective confinement steel ratio. Results of second order curve fitting for the indexes
based on the computed values of A, (as explained earlier) are shown in the plots as solid
lines. Assuming zero energy dissipation for a specimen without transverse reinforcement,
which is a fairly good approximation, the equation of best fit, for displacement

increments of 14, is given by

Enea = 83.67p +49.58 ps (12)

and for the cumulative ductility ratio, the fitted curve is

Nicwr = 193.61p’ -59.77 p’, +20.33 (13)

with corresponding R” values of 0.83 and 0.59, respectively.

For comparison, the fitted curves for the indexes based on the experimental values of
4, are also given as the dashed lines. Again, due to the paucity of data, only sample
points for Type 2 load history are shown in the plots without any curve fitting performed.
The fitted curves for normalized energy dissipation capacity based on the experimental
and computed values of u, agree well, to within about 10% in the range of available data

points. The same is true for the cumulative ductility ratio.

The limited data seem to suggest that the loading history with increments of 24, is
somewhat more severe than that with 14, increments. For specimens with effective

confinement steel ratio less than about 0.40, the energy dissipation capacity for Type 2
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loading history may be smaller than that for Type 1 loading history by about 30% - 40%.
The fact that the reduced value of g results in an increase in the normalized energy
dissipation capacity was earlier reported by Darwin and Nmai (1986). However, at larger
values of py, e.g for highly confined columns, the effect of load history tends to be less
significant. Due to the scatter in the test results and the paucity of data points, it is
obvious that more tests are needed on highly confined specimens under small axial load

levels.

As would be expected, there is a close correlation between the work index and

cumulative ductility ratio as depicted in Fig. 7.

CONCLUSIONS

The following conclusions can be drawn:

1. For a given loading history, the displacement ductility factor, g4, and the
energy dissipation parameters were found to correlate with the effective confinement
reinforcement ratio. This 1s of practical significance in enabling prediction of
displacement ductility and energy dissipation capacity for a given column, taking into
account the effect of axial load and tie configuration effectiveness, among other basic
variables.

2. The ductility factor for loading history Type 2 (with increments of 24,) tends
to be somewhat higher than that for Type 1 (with 14, increments) for the same effective
confinement steel ratio. However, since the number of samples in the former case is
small, further study is needed.

3. The load history with 24, increments is slightly more severe than that with 14,
increments for moderate values of effective confinement steel ratio. The effect of load
history tends to be less significant at higher values of the effective confinement steel

ratio, pending further investigation.
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Table 1. Details of test specimens used in analyses

Concrete | ongitudinal Steel Lateral Steel Axial Shear J Load
Refi Speci A | Sirength Load fspan-to-d Tie |00 f
clerance pecimen m reng f P i A *h AJA Level epth | Config. 1story ¢
() | (Mpa) o "0 | AglAg aci Type
(Mpa) (%) (Mpa) PATAY) | ratio
(1 2) [€)] RS (5) (6} U (8) 9 ] 01 12) (13 104
Soesiamawatietal. | UNIT2 [oaso | 440 446 1.51 360 0 00601 055 .30 4.00 RO 2} | 0358
(1986) uniTs Joreo| aa0 446 1.51 364 000393 016 .30 400 RO 2ay | 054
Watson et al. UNITS 0160 410 474 1.51 372 000579 053 050 4.00 RO 12y | 057
(1994) UNIT 6 Q160 400 474 1.51 388 0.00273 029 0.50 4.00 RO 1(a} as2
UNIT 7 Q160 420 474 1.51 308 oorn 091 ¢70 4.00 RO 1(a) 0.53
unitg foaso| 390 474 1.51 372 0.00609 0.65 070 400 RO 1)) | 059
UNIT ¢ 0 160 400 474 1.51 308 002651 176 .70 4.00 RO 2(a) o7
Azizinamini et al. NC-2 Q209 393 439 I 94 454 001152 t 01 [3ed ] 3 RD1 1{a) 0.43
(1992) NC-4 0209 198 439 1 94 616 000650 0468 0.31 3.0 RDI 1(a) 0.42
Wehbe et al. Al A 448 222 455 000323 052 .08 183 RC ey | 0as
(1959) A2 o2 | 272 448 122 455 0.00323 0.60 0.24 181 RC Wa) | 046
B onz| 27 448 222 455 0.00428 073 0.09 283 RC 20 | 053
B2 0232 281 448 222 455 Q00423 0.77 023 383 RC 1B 0.53
Sheikh and Khoury AS-3 0.093 332 509 2.45 509 0.00844 | 44 0.60 483 RD2 Ita) [ 035
(1993) AS-17 0.093 34 509 2.45 509 0.00844 1.52 0.77 4.83 RD2 I{a) [ 035
AS-18 Q093 128 509 245 455 0.0150 236 077 4383 RD2 1{a) Q.36
AS-19 9093 123 509 245 486 0.00601 115 0.47 0.00 RD2 L{a) 0.35
Table 2. Summary of displacement ductility and energy indexes
Displacement Normalized Cumulative .
P . - - . Work index
Referance Specimen ductility dissipated energy ductility ratio
”‘A,“p H Acal EN.exp EN,cal NA,l:xp Nd,cal IW,exp [W,cxl
m (2) 3 (4) (5) (6) (7) (8 ® (10)
Soesianawat et al. UNIT 2 6.0 9.0 20.1 30.3 15.1 28.8 17.4 26.2
(1986) UNIT 3 5.8 8.6 11.8 174 12.7 t8.7 11.9 17.6
Watson et ai. UMIT § 5.7 5.4 30.7 293 30.2 28.9 27.7 26.5
(1994) UNIT 6 4.0 4.5 17.3 19.5 189 213 17.2 19.4
UNIT 7 32 3.2 13.4 13.1 10.4 10.2 9.7 9.5
UNIF 8 39 35 11.3 10.1 10.3 9.2 9.6 8.6
UNIT 9 9.1 7.3 61.5 49.5 41.0 33.0 38.3 30.8
Azizinamini et al. NC-2 7.1 6.7 68.1 64.2 63.8 60.5 56.4 53.2
(1992) NC-4 42 4.1 18.5 179 23.9 23.2 21.4 20.7
Wehbe et al. Al 5.3 4.6 22.2 19.3 23.7 20.6 21.2 18.5
(1999) A2 52 5.5 29.5 30.4 33.2 34.3 30.6 3.6
Bl 6.7 5.1 432 128 38.9 29.6 35.0 26.6
B2 6.1 5.6 52.0 450 53.3 46.2 49.0 42.4
Sheikh and Khoury AS-3 4.7 4.7 - - 23.0 230 -
(1993) AS-17 38 3.8 - - 24.0 24.0 - -
AS-18 6.7 6.7 - - 44.0 44,0 - -
AS-19 4.0 4.0 - - 18.0 18.0 -
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It has been generally accepted that steel moment-resisting frames behave in a ductile
manner under seismic excitations. However, during the 1994 Northridge earthquake,
weld fractures at the beam-to-column connections occurred in many steel buildings.
Such brittle failures obviously preclude the traditional ductile-behaviour assumption
and have a significant effect on the responses of stecl moment-resisting frames. In
this paper, the performance of a friction damping system for retrofitting steel
moment-resisting frames was investigated under long-distance earthquakes with
frequency contents resembling the 1985 Mexico city (SCT), the 1995 Bangkok, or
the 1977 Romania ground motions, all scaled to a peak ground acceleration of 0.17g.
Responses of the building under the 1940 El Centro N-§ component were also
included for comparison. The results of the study show that a friction damping
system can reduce the seismic responses significantly. The device can also prevent
the total collapse and joint failures of the building equipped with friction dampers,
while the one without dampers would collapse, even under a moderate peak ground
acceleration of only 0.17g.

Keywords: weld fractures; joint failures; beam-column joints; long-distance
earthquakes; friction dampers; energy ratio.

1. Introduction

As a result of the 1994 Northridge earthquake in California, many steel moment-resisting frames
were seriously damaged. Brittle weld fractures in beam-to-column connections occurred in
several steel structures. According to EERI [1997], two types of weld cracks can be
distinguished. First is a fracture near the interface of the beam and column flange. This common
fracture results in the severing of the beam flange from the column flange and passes through the
weld or through the adjacent heat-affected material. Another type is a fracture through the
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column. This type of fracture would be very dangerous if the crack extended all the way through
the column which would reduce its compressive capacity. These fractures can violate the ductile-
behaviour assumption of steel moment-resisting frames, which is usually presumed in an
analysis, and they had an important effect on the seismic response of steel structures during the
Northridge earthquake.

In recent decades, several analytical and experimental studies have led to the implementation
of friction damping systems in many structures for retrofit, e.g., Pall and Marsh [1982],
FitzGerald er al. |1989], Filiatrault and Cherry [1990], Grigorian et af. [1993], Pall A.S. and Pall
R. [1996], Reinhorn and Li [1996]. The effectiveness of friction dampers in seismic retrofit has
been widely recognized. However, most past studies did not consider the brittle weld fracture
behaviour of steel moment-resisting frames, which can reduce the performance of steel
structures. From the literature, it can be observed that there has been no research on retrofit of
steel structures using friction dampers and taking into account the weld-fracture phenomena
except the one by Filiatrault et al. [2001], which studied the performance of passive energy
dissipating systems for retrofit of steel moment-resisting frames considering weld fracture effect.
Those authors found that a friction damping system can significantly reduce responses of the
building; however, major damage or total collapse in some cases still occurred and connection
retrofit would still be required. The short duration, impulsive-type ground motions with average
peak ground acceleration about 1 g, which represented the near field ground motions, were used.
These findings, however, cannot be gencralized for systems subjected to moderate ground
motions induced by long-distance earthquakes, which may occur in many large cities in
moderate seismic risk regions, such as Bangkok and Singapore.

This study investigates the performance of a passive friction damping system for retrofitting
steel moment-resisting frames with weld fracture behaviour subjected to moderate ground
motions from distant earthquakes. The effectiveness of friction dampers in reducing damage in
structures is demonstrated through numerical examples obtained from nonlinear dynamic
analyses. Only weld fracture at the beam-to-column interface was modeled into the studied
building.

2. Building, Retrofit Scheme, and Model Assumptions

2.1. Building and retrofit scheme

The steel structure studied here is the same as considered by Filiatrault e af. [2001]. The
building is a 6-storey steel moment-resisting frame, rectangular in plan, and is braced by two
exterior moment-resisting frames. It is designed according to the 1994 UBC code requirements
for a building located in seismic zone 4 on soil type S2. Gravity loads acting on the frame during
the earthquake are assumed equal to 3.8 kPa from roof dead load, 4.5 kPa from floor dead load,
0.7 kPa from floor live load, and 1.7 kPa from weight of the exterior cladding. Steel grade A36
(nominal Fy = 248 MPa) is used for all members. Building details are shown in Fig. |. For
retrofit, chevron-brace members are introduced in the central bay of the two exterior moment-
resisting frames as shown in Fig. 1. The steel section HSS 12 x 12 x 5/8 (300 mm x 300 mm x 15
mm) is used for all chevron-brace elements. Friction dampers are incorporated at one end of all
bracing members.
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Fig. 1. Building and retrofit scheme

2.2. Model assumptions

Because of the symmetry of the studied building, only one exterior moment-resisting frame is
modeled as a 2-D structure into the general-purpose nonlinear dynamic analysis program
RUAUMOKO [Carr, 2000]. Floor slabs and architectural elements are excluded. The panel
zones of the beam-column joints are assumed to have no panel shear deformation and yielding
during strong excitations. This assumption represents the most critical condition for welded
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beam-column joints because the hysteretic energy can only be dissipated through plastic hinging
in the beams and the columns [Filiatrault es af., 2001]. The inelastic response is assumed to
concentrate in plastic hinges that could form at both ends of the frame members. Large
displacement effect is also considered in the analyses. P-A effect from interior columns is
included by introducing a pin-ended gravity column into the building model, which represents all
interior columns. Total gravity loads acting on the interior columns are applied to the gravity
column. Both the exterior frame and the gravity column are constrained to undergo the same
lateral displacement at each floor, which represents a rigid floor diaphragm assumption. Bi-linear
moment-curvature relation with a curvature-hardening ratio of 2% is assigned for all columns.

-
Q
o

W
w

% of Initial Strength

—

4.3 8.5 10.5
Curvature Ductility

Fig. 2. Flexural strength degradation model

The flexural strength degradation model shown in Fig. 2 is introduced at both ends of all
beams to account for the brittle behaviour of welded beam-to-column connections. Fracture
initiates at curvature ductility of 4.3, corresponding to plastic rotation of about 0.01 rad in all
beam sections of the studied structure, and the strength drops to 1% of the initial value at
curvature ductility larger than 10.5. The strength degradation factor used here is the same as
Filiatrault et al. [2001], which was obtained from a statistical review of different full-scale tests
on beam-column joints, and it is assumed to be independent in positive and negative bending.
Only fractures at the beam-to-column interfaces are considered. Then, an elasto-plastic moment-
curvature relation is specified for all beam elements to prevent an increase in the flexural
strength after fractures occur. Note that the connections are assumed to have no loss in shear
capacity when weld fractures occur. An elasto-plastic force-displacement relation is also
assigned for all friction-brace elements. The load at the yield plateau is specified by the slip load
of each damper. The fundamental vibration period of the original building is 1.304 sec and is
reduced to 0.649 sec after being retrofitted by the scheme described previously.

A mass proportional only damping model is adopted here because the rotational velocity at
beam-to-column interface can increase significantly after fracture occurs. The large rotational
velocity results in the increase in damping from the stiffness proportional portion of the global
damping matrix, and this can violate the equilibrium condition at beam-column joints after weld
fracture occurs [Filiatrault er al., 2001]. The mass-proportional damping coefficient is taken as
0.5 sec”'. The time step for nonlinear dynamic analyses is 0.0005 sec for all cases and a tolerance
of 1% in the residual force vector is imposed for Newton-Raphson iteration to track the sudden
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changes in stiffness due to joint fractures. Note that the slip loads of the friction dampers in the
2nd to 6th floors are 80% of slip load in the 1st floor. It is also assumed that the devices have
sufficient slip lengths, so that no impact can occur.

The concept of Coulomb friction was adopted here to describe the hysteretic behaviour of the
friction dampers, which can be formulated as:

Fg=uN (b

where Fjis a slip load of the damper, N is a normal force acting on the friction surface, and uis
a coefficient of friction. The friction devices will slip at a predetermined load exhibiting the well-
known rigid-plastic hysteretic behaviour,

3. Earthquake Ground Motions

Accelerograms and pseudo-acceleration response spectra at 5% damping of all studied
excitations are shown in Fig. 3. Three different long-distance earthquakes are considered here.
First is a well-known long-distance earthquake, the 1985 Mexico city (SCT, E-W component)
record. The SCT excitation was recorded on September 19, 1985 in Mexico city. The event’s
epicentral distance was about 400 km. It had a significantly narrow frequency band with a
predominant period of 2.0 sec and peak ground acceleration about 0.17 times the gravitational
acceleration (g). [t is also a long-duration strong ground shaking which can have a significant
effect on structures. To reduce the calculation time, only the 60-second range of the SCT record
containing the peak acceleration value will be used in analysis. Second is the scaled 1995
Bangkok excitation. It was recorded on July 12, 1995 at the basement level of the Baiyoke tower
whose fundamental vibration period is 2.5 sec. This event resulted from an earthquake whose
epicenter was about 900 km away from Bangkok. Its predominant period is about 2.3 sec and it
also contains other significantly longer and shorter period components. Its peak ground
acceleration was scaled to the same value of SCT record.

The last long-distance ground motion is the scaled 1977 Romania (Bucharest, N-S component)
earthquake. It was recorded on March 4, 1977 in the basemnent of the Research Institute building
in Bucharest, Romania. The epicentral distance was about 150 km. The event had a narrow
frequency band with a predominant period about 1.2 sec. Its peak ground acceleration was also
scaled to 0.17g. The studied building was, also subjected to the 1940 El Centro N-S component
excitation which had been used extensively in many past studies. This signal was considered
here for comparison purposes. Note also that the peak ground acceleration of the El Centro
earthquake is about 2 times that of the other three records.

4. Numerical Results

In this section, the responses of the building under all four excitations are compared. The
response parameters of interest are the peak interstory drifts, the number of yielded members and
joint fractures, and the energy input and dissipated. The variation of these parameters with the
slip load of the devices is investigated. The slip load of each device is varied between zerc and
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buckling strength of bracing member. Responses of the original building excluding weld fracture
behaviour are also shown for comparison.
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4.1. Peak interstory drift

The interstory drift can be an indicator for both structural and nonstructural damage. According
to the performance criteria defined by the NEHRP seismic rehabilitation guidelines [ATC, 2000]
for steel moment-resisting frames, maximum drift levels are 0.7% for immediate occupancy,
2.5% for life safety, and 5% for collapse prevention. Therefore, in this study, the 5% interstory
drift is used as the collapse criterion. Fig. 4 shows the variation of peak interstory drift in each
floor of the original structure neglected weld fracture effect. From the figure, the original
building can survive all four earthquakes considered. The maximum interstory drifts, which are
found in the first floor are 1.51%, 1.46%, and 0.81% resulting from the SCT, Romania, and El
Centro excitations, respectively, while the maximum interstory drift of 1.14% is found in the
second floor when the building is subjected to the Bangkok signal.

Fig. 5 shows the variation of peak interstory drift in each floor with the normalized slip load of
the structure including weld fracture effect. The siip load is normalized by the buckling strength
of the ground floor bracing element which equals to 3811 kN. The non-retrofitted building
including joint fracture collapses under all excitations which is indicated by a peak storey drift of
more than the 5% drift limit. Interestingly, even moderate long-distance earthquakes which have
a peak ground acceleration only about half of the El Centro record can lead to the total collapse
of the structure. This result indicates that weld fractures have a large effect on the performance
of the structure and they must be taken into account.
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Fig. 4. Variation of peak interstory drift of the non-retrofitted building
neglecting weld fracture effect
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For a retrofitted structure including the effect of weld fracture, the building survives the El
Centro earthquake at any slip load values, even under a very low normalized slip load of only
2.3%. However, it collapses under the SCT, Bangkok, and Romania ground motions as joint
fractures take place at normalized slip loads less than 20.7%, 25.6%, and 19.7% for SCT,
Bangkok, and Romania records, respectively. It is important to note that at a slip load close to
these critical values, damages increase very rapidly. It should also be noted that larger
earthquakes would require a higher critical slip load for collapse prevention. This is of practical
significance in selecting the slip load of a friction damper to be sufficiently larger than the
critical threshold values, and at the same time not too close to the buckling strength or the yield
strength of the connecting elements; otherwise, the friction devices may not be effective to
protect the structure. Past the threshold slip loads, responses of the buildings are sharply reduced.
Peak interstory drifts are kept below 1% in all cases, which indicate that the retrofitted structure
can survive all three long-distance excitations considered here. Note that there is an optimum slip
load value in the case of the building subjected to the El Centro excitation. The optimum
normalized slip load is 19.7% which is similar to the results obtained by Filiatrault et al. [2001].
On the other hand, for the three long-distance earthquakes, it seems that the performance of
building improves for increasing slip loads. This would be caused by the characteristics of these
studied accelerograms that have a frequency content concentrating in the low frequency zone.
When joint fractures take place, the building will lose its stiffness and the resonant effect can
occur. Then the additional stiffness induced by bracing system will play a more important role.
Therefore, at a large slip load value, the devices are more difficuit to slip. Then the building will
be stiff and will respond for a longer time in the low spectral value zone resulting in a better
performance.
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However, if the slip loads reach the buckling or yield strength of the bracing elements, the
performance of the system will decrease due to the buckling phenomena, or the failure of the

bracing members. Note that buckling of the bracing members at the normalized slip load of
100% is neglected in this study.
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4.2. Damage to the structure

Fig. 6 shows the percentage of yielded members and joint fractures for the original building
neglecting weld fracture and for the retrofitted structure including weld fracture at each slip load
value. For the numbers of yielded members, all members except the bracing elements and the
gravity column are counted corresponding to a total of 42 members. The numbers of joint
fractures are presented for each beam’s end resulting in a total of 36 joints. For the original
structure excluding weld fracture, the percentages of yielded members are 31%, 21.4%, 35.7%,
and 38.1% when subjected to SCT, Bangkok, Romania, and El Centro ground motions,
respectively. Although the building can survive all considered earthquakes, damages occur in
many structural members which can lead to a high repair cost. Retrofit would be required for this
structure.

For the retrofitted structure considering weld fracture characteristics, past the critical slip load
value, the friction devices can reduce damages significantly, At the normalized slip load larger
than 25%, 31.2%, and 54.2% when subjected to SCT, Bangkok, and Romania accelerograms,
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respectively, all structural elements remain elastic and no joint failures occur. Similarly, for the
retrofitted structure subjected to the El Centro record, the building remains elastic at the
normalized slip load between 9.2% and 19.7%. Under all long-distance excitations, the studied
building exhibits a sudden increase in damage at slip load less than the certain critical values
indicated by failures of all joints in the building. Selection of the device’s slip load would be
very important for the structure having a possibility of weld fracture.

4.3. Energy ratio

In this section, the amount of energy dissipated by means of friction dampers for all analyses are
presented. The results are shown in terms of the energy ratios, /NR and FDR, defined as follows:

E
INR = —1— (2)
VBYAY
E
FDR = (3)

FD
Var Ay
where INR is the seismic input energy ratio; FDR is the friction-damper dissipated energy ratio;
E; is the seismic input energy; Erp is the energy dissipated by all friction dampers; Vzy and Ay
are the yield base shear and the top-floor yield displacement of the braced structure without
dampers, respectively. Derivations of E; and Erp are given in Appendix A.

Fig. 7 shows a relation between base shear and top-floor displacement obtained from pushover
analysis of the braced building, without dampers, including weld fractures. The same bracing
system as in the previous numerical studies is employed. Lateral force distribution according to
the UBC 1997 code is adopted here. The values of lateral forces in each storey as fraction of base
shear are shown in Table 1. A monotonic increasing load is applied to the structure with linear
increment of 200 kN/sec until the ultimate load is reached. The same time step as used in the

previous numerical studies is chosen. From the analysis, the yield base shear is 6448 kN and the
yield top-floor displacement of the brace structure is 79.0 mm.

Table 1. Lateral force distribution factors as a fraction of base shear for braced structure

Storey level Height (m)  Waeight (kN) Distribution factor
6 22.536 1815.53 02123
5 20.726 2514.80 0.2484
4 16.916 2514.80 0.2028
3 13.106 2514.80 0.1571
2 9.296 2514.80 0.1114
1 5.486 2599.13 0.0680

i ———
o ———————

Note: Fundamental period of braced structure = 0.649 sec

176



8000 I S— S == S R———— e o, o

7000

6000
Yicld displacement = 79.0 mm

LN
)
<
<

!
Yield base shear = 6448 kN ‘

4000

Base shear (kN)
&
8

2000 -

1000 4

0 100 200 300 400 500

Displacement (mm)

Fig. 7. Pushover analysis of the braced building without dampers
including weld fracture effect

3.50 1 1
——INR
—&—-FDR
-4 [NR-FDR

3.00
2.50 -
2.00 W

1.50 -

Energy ratio

1.60

0.50 J

AA-A.-..& ......... Ao
0.00 A . ™ ) i

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Normalized stip load in 1st floor

Fig. 8. Variation of energy ratio with normalized slip load : SCT§SEW

177



Energy ratio

Energy ratio

3.50 — == - —— ——— —
—+—|NR
3.00 —=—FDR
A INR-FDR
2.50 -
2.00 - }
1.50 -
\
1.00
0.50 - :
CIE I W Wi S | Chi = i
0.00 - : S i - - — = — !
0.00 0.20 0.40 0.60 0.80 1.00 1.20
Normalized slip load in 1st floor
Fig. 9. Variation of energy ratio with normalized slip load : BKK95Bx
R
3.00 1 —=—-FDR 1
- INR-FDR ‘
2.50 A e
2.00 -
1.50 -
1.00 + (
0.50
0.00 ; — ; ’
0.00 0.20 0.40 0.60 0.30 1.00 1.20

Normalized slip load in 1st floor

Fig. 10. Variation of energy ratio with normalized ship load : ROM77NS

178



3.50 i - — A
3.00 -
2.50 -
2.00 ¢

1.50 -

Energy ratio

1.00 1

3 s ——INR
0.50 { & e AT —5—FDR

-+ INR-FDR
0'00 . — . - - i

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Normalized slip load in 1st floor

Fig. 11. Variation of energy ratio with normalized slip load : ELC40NS

Figs. 8 to 11 show the variations of the energy ratios with the normalized slip load in the first
floor for building subjected to each excitation. The difference between the seismic input energy
ratio (/NVR) and the friction-damper dissipated energy ratio (FDR) indicates the amount of energy
dissipated by inherent damping and damage of the structure itself. It can also be considered as
the performance index for the added friction dampers. Again, past the critical slip load, friction
dampers can significantly reduce the energy fed to the primary structure. At the optimum points,
the devices can absorb 87%, 58%, 65%, and 80% of the seismic input energy resulting from
SCT, Bangkok, Romania, and El Centro signals, respectively. For El Centro, as expected, the
performance of the damper decreases with increasing slip loads. For long-distance earthquakes at
large values of slip load, the energy dissipated by the dampers vanishes indicating that the added

-dampers are not utilized. This is compensated by reduction of the seismic input energy because
at high values of slip load, the system behaves as a fully braced structure resulting in the shift of
a vibration period to the short period end of the response spectra which has low spectral values
as shown in Fig. 3.

From the results obtained, it seems that only the added stiffness from the braces is sufficient
for the building to resist the long-distance earthquakes considered. However, it should be noted
that the buckling phenomena of bracing members are neglected in this study. If both the brace
buckling and joint fractures occur, the stiffness of the system will sharply reduce and this could
lead to a total collapse of the whole structure. Hence, addition of friction dampers will have the
advantage of preventing buckling or damage to the bracing elements and give nearly equal or
better performance compared to the traditional bracing system.
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5. Conclusions

The performance of a friction damping system for retrofitting steel moment-resisting frames with
weld fracture behaviour was investigated under three long-distance earthquakes: the 1985
Mexico city (SCT), the scaled 1995 Bangkok, and the scaled 1977 Romania ground motions.
Responses of the building under the 1940 El Centro record were also shown for comparison
purposes. The following conclusions can be drawn from this study:

1. The original building with joint fracture effect neglected can survive all considered
excitations; however, retrofit would still be required.

2. The effect of weld fracture can lead to the collapse of the non-retrofitted structure under all
excitations considered, even under moderate long-distance earthquakes which have a peak
ground acceleration only about half of the El Centro accelerogram.

3. The building including joint fracture effect can survive all considered earthquakes with the
addition of friction dampers at a certain critical slip load value.

4, Tt is important to pay attention to selecting the damper slip load to be sufficiently far away
from the critical value and at the same time not too close to the buckling or yield strength of
the connecting members.

5. Addition of friction dampers will have the advantage of preventing buckling or damage to the
bracing elements and give nearly equal or better performance compared to the traditional
bracing system.
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Appendix A : Energy Formulation
Consider a multi-degree-of-freedom system equipped with friction dampers. Denoting u as the

vector of displacements relative to the base and ug(t) is the horizontal ground displacement at any
time t, the equations of motion can be written as:

Mii () + Cua(t) + Fy(t) + Fep(t) = - Megii (D) (A.1)
where M and C are the mass and damping matrices of the structure; F; is the vector of the
resisting forces provided by the main structure and Fgp is the vector of forces provided by the

friction dampers. e, is the displacement influence coefficient vector associated with a unit
support displacement defined as follows:

u(t) = u(t) + eguy(t) (A2)

where u((t) is the vector of total displacements.

180



Integrating the equations of motion with respect to the relative displacement vector du over
the entire range of displacements, the energy equation can be obtained as follows:

[au"™™ii + du"Ci + [du'E + [au'E, = - [du"Me, G

Ey + ED+ES+EFD = E; (A3)

The right side of Eq. (A.3), Ey, is the relative seismic energy input to the structure. For the terms
on the left side, Ex is the kinetic energy of the mass associated with its motion relative to the
ground; Ep 15 the energy dissipated by the inherent damping of the main structure; Eg is the total
strain energy caused by deformations of the main structural elements and Egp is the total energy
dissipated by the added friction dampers. Based on these energy quantities, Eq. (A.3) is a
statement of energy balance for the system.
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Abstract:

A semi-active mass damper (SAMD) in which its damping can be varied is
proposed to control the vibration of the structures under harmonic excitation. The
objective is to produce a control system that provides a significant improvement over the
conventional passive mass damper (TMD), but without the substantial penalties in cost,
weight, and complexity as active damper. An optimal control law is formulated. A
situation in which the damper can not vary beyond the certain range is also taken into
account. The peak and steady-state amplitude responses are investigated in frequency
domain. The obtained results are compared with those of TMD and it is found that the
proposed SAMD can significantly reduce the peak response and also effectively suppress
the steady-state response for broader band of excitation frequencies. The latter
improvement is equivalent to the addition of mass about 300% on TMD.

Introduction

Structural vibration control has been one of the primary issues for some years. Active
control is very efficient, but its implementation is very limited due to various mechanical
and economical constraints. From this point of view, semi-active control is a promising
alternative since it requires much less energy and it can potentially more efficient than
passive control.

Karnopp, et. al. (1974) proposed the semi-active damping concept by using a variable
damping device to generate the control force for vibration isolation. This semi-active
control has been extensively studied in the field of automotive suspension control. To
date, it has been successfully applied to a board class of vehicle vibration isolation
problems ranging from military tanks to high-speed cars. An extension of the semi-active
damping concept to structural control is found in the study of Hrovat, et. al. (1983). A
TMD with an augmented variable damping device was proposed as a semi-active TMD
for vibration control. Based on the numerical results of vibration control of a building
subjected to a specific wind loading, the similar steady-state performance of semi-active
TMD and active TMD was reported. However, there was no explicit study on the control
performance of semi-active mass damper under harmonic excitation which is the
common case in structural or mechanical control.
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Optimal Semi-active Mass Damper

General Soluwion
SAMD
" A model representing a structure attached by the semi-active
mass damper is shown in figure 1. This model can be
expressed as a bilinear system in which the equations of
motion are written in the following state-space description
as

(1) = Ax(©) + B(x"(OT)v() = Ax® +Bu,, () (1)

where x(1) is a state vector, A is a characteristic matrix, B is
a control contribution matrix, T is a transformation matrix, v
777N e (1) is an adjustable parameter vector, and e, {t) = x ()Tv(t)
is a semi-active control force produced by the variation of v
Figure 1. Structure-SAMD  (t). The objective is to find the parametric control v(t) that
minimizes the well-known quadratic performance index

system

Jom = [l OQx@ +ul,, O Ru,,, O}t @

G
subjected to the dynamic constraint, Eq.(1).

As obtained in the determination of optimal semi-active vehicle suspension system
(Tseng and Hedrick 1994), it is convenient to first consider the optimal solution for fully-
active system case. Then the corresponding semi-active optimal solution is determined by
minimizing the variation of performance index which is deviated from its reference
optimum due to the introduction of semi-active system. It is, therefore, helpful to relate
the performance index of general semi-active system to that of the reference active system
as

Jrnt = e+ [ @~ 0, OF Rt 0w, )] 3)

where Jycme is a constant function of initial state and u,y, is the optimal control force of
the reference active system. Instead of directly minimizing the whole integration, the
control law is obtained by minimizing the instantaneous error resulted from the difference
(Wgemi{)-ugpAt)). This leads to the minimization of the function

L (t) Z(l.l semi (t) W, (t))Z (4)

By equating the reaction forces of semi-active system with active systein, the semi-active
control force can be written as

U, (0 =ug,,, () =-(c(t)-¢,)z(t) ()
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where now ug,,,; becomes a scalar function, u,,. z(t) = relative displacement across the
variable damper, and ¢p = constant optimal passive damping.

Inequality Constraint on Damper Paramelter

It is assumed that the variable damping coefficient ¢(t) can be varied in a range,
Cmin < C(t) < Cmax (6)

To find the optimal variation of damping coefficient which minimizes the performance
measure Eq.(3) subjected to the inequality constraints Eq.(6), we define the Lagrangian
(Bryson and Ho 1975)

H{e(, 41, 4,) = § L{e(®,8) + 2 £,(c0) + 2, 1, (c(t) (7)
where f,(c() = c(t)—c,,, <0 and £ (c(t) = ¢y, —c(t) € 0 are the imposed inequality

max —
constraints and A}, A; > 0 are the Lagrange multipliers.
The necessary condition for a minimum becomes

éH . | a, g,
- =g — - = 0
By substituting Eq.(5) into Eq.(4) and then into Eq.(8), we get
- t
/1? ;11 N ufi,,,( ),
Z(t) z(t)

More precisely, we have an optimal variation of damping as

Copt (= S 9)

Conax > ife,(t) 2 c,,,
copr (t) = cd (t) E] lf cmin = Cd (t) < cmax (10)
c ife,(t) <c,., '

min ?

where c (O=u,, (/2 +c, for z(t)=20 (1D

2
and the sufficient conditions for minimum is ensured by Eq.(8) and 27 - (z'(t))2 0.

Vibration Control of a Single-degree-of-freedom System

Problem Formulation and System Properties

In the following numerical examples, a SAMD is employed to reduce the vibration of the
main structure which is model by a SDOF system subjected to an harmonic excitation F
(t) as shown in figure 2. The equations govern the vibration of the system are

(my +m,) £, + 6, 5O +k 1,0 = FO)—m, 20) (12)

and m, Z(t) + ¢, (DZ(1) + &, z(t)=— m, X, (1) (13)
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Figure 2. Structure-SAMD Model

Table 1. System Properties

where the time-dependent damping of the SAMD,
¢(t) is computed according to the control law
derived in previous section.

Throughout the simulations, the main structure is
assumed to have the natural frequency of 3.0 Hz
and the damping ratio of 2.0 %. While the mass
dampers are assumed to have the mass ratio of 3.0
%. The passive parameters of the TMD are
optimized according to the excitation (Den Hartog
1956). Table (1) lists all the values of the system
properties, which are used for the numerical
model.

(i) main structure my=1kg
.|k
W, =
m,
(i) SAMD my = 0.03 kg
ky = 10.05 N/m

ky=35530N/m & =2.00%

= 18.85 rad/s (/i = 3.0 Hz)

Comin = 0, Camax = 3.403 N-s/m (& = 300%)

Response under Harmonic Excitation

It is known that for a nonlinear system the response magnification factor may depend on
the excitation or the system response may not be even periodic. Nevertheless, it is
demonstrated that (1) the response of the egs.(12) and (13) to periodic excitation is

0'02 T 1 T T ! T L] T l l T T

4
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0.005

0
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Figure 3. Typical Harmonic Responses under TMD and

QAN
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periodic with the same period as excitation, and (2) the amplitude ratio is independent of
excitation amplitude (Hac and Youn 1992). Therefore the following comparison of the
control performance in frequency domain 1s meaningful.

Figure (3) shows the typical time histories of the structure subjected to harmonic
excitation under TMD and SAMD. Assuming that the system starts from rest, the steady-
state amplitude and the peak amplitude are defined as shown in this figure for SAMD
case.

{a) Steady-state Amplitude {b) Peak Amplitude

0.02 T . — 0.02 T — I
; ' TMD 4 TMD
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Figure 4. Frequency Responses (a) Steady-state Amplitude and (b) Peak Amplitude

Figure (4a) plots the steady-state amplitudes of the structure controlled with TMD,
ATMD, and SAMD, within the frequency range of 2.0-4.0 Hz. The figure indicates that
significant improvement of steady-state amplitude reduction of the structure, comparing
to TMD, can be achieved via SAMD. Beside the amplitude reduction, the figure also
reveals that SAMD has broader frequency band of suppression. More precisely, the
suppression band of SAMD becomes about 2 times broader than that of TMD. This is
equivalent to the increasing of mass of TMD by 300 percents. Figure (4b) plots the peak
amplitudes of the structure within the same frequency range. It is found that SAMD
markedly improves the peak amplitude response of structure over TMD case especially
around the resonant frequency. It is clearly from these two figures that, in both cases,
ATMD exhibits highest control performance. However, its implementation is known to
be very costly.
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Conclusion

An optimal control law which minimizes the quadratic performance index for a semi-
active mass damper is formulated and applied to control the vibration of SDOFF-structure.
Through the computer simulation, the control performance of the semi-active mass
damper is studied and compared with that of TMD under harmonic excitation. The
obtained results reveal that the proposed SAMD can significantly reduce the peak
response and also effectively suppress the steady-state response for broader band of
excitation frequencies. In particular, the latter improvement is equivalent to the addition
of mass about 300% on TMD. This is often unfeasible for passive system
implementation.

Generally, simulation results indicate that the semi-active mass damper which is usually
cheaper than the active damper system offers a substantially better performance than the
passive TMD. Consequently, it represents a very attractive alternative for vibration
control of structures subjected to harmonic-liked disturbances.
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SYNOPSIS
This paper reports recent research works carried out at the Earthquake Engineering and Vibration Research
Laboraory of Chulalongkorn University (CU-EVR) which aim at enhancing the performance of buildings in low 1o
moderate seismic risk regions, which, incidentally, cover about 80 percent of the land on carth. First, enhancement ol
ductility performance of moderately confined concrete tied columns with hook-clips is presented. Then, the advantuee
of tuned mass dampers (TMD} in reducing damage of buildings is investigated under moderate ground shaking caused
by long distance earthquakes resembling the (scaled) 1985 Mexico City (SCT) or the 1995 Bangkok ground motions.

DUCTILITY ENHANCEMENT OF MODERATELY CONFINED CONCRETE
TIED COLUNMNS WITH HOOR-CLIPS

Introduction

The deficiency of 90-deg hook ties in columns was witnessed in past earthquakes in bridges, in
reinforced concrete buildings and in laboratories.'™ Despite their poor performance, 90-deg hook
ties are still used extensively worldwide in low to moderate seismic risk regions because of the ease
of their placement compared with the 135-deg hooks. Nincty-degree hook ties are even more
appealing in developing countries where laying of reinforcing bars is quite commonly not practiced
to an acceptable standard of precision, making it extremely difficult to put 135-deg hook ties in
place. Recently, Lukkunaprasit® introduced a simple device called “hook-clip” to be clipped onto the
conventional 90-deg hook ties or crossties at the sites, Experimental tests on axially loaded short
columns revealed that the performance of r.c. tied columns with 90-deg hooks and hook-clips was
comparable to that of columns with 135-deg hook ties. “

In view of the importance of vertica! load resistance members, it is extremely desirable to have
sufficient inherent ductility in columns (to cope with very rare earthquakes) even in low seismic risk
zones. It is also important to improve the performance of ACI crossties to ensure their confinement
effectiveness, which is essential in areas of high seismic risk. This research investigates the
effectiveness of hook-clips in improving the performance of conventional 90-deg hook ties and ACI
crossties in columns for a moderate level of ductility. A method is also proposed for predicting the
expected displacement ductility factor in terms of the effective confinement steel ratio, applicable
over a wide range of ductilities.

Experimental program

Test specimens

Five column specimens 400 mm by 400 mm in cross section and 1500 mm in height reinforced
with 16-20 mm diameter deformed bars served as test specimens. The specimens were moderately
confined with transverse reinforcement consisting of 1 hoop tie and 2 ACI crossties at each level,
with an amount about half of that required by the ACI Code for high seismicity areas. The ties were
supplied with either 90-deg or 135-deg hooks, depending on specimens. The reinforcement detailing
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was in accordance with the non-seismic detailing provisions in the ACI Code. Table | lists |

relevant data of the test specimens. Hook-clips (Fig. 1) were supplied in specimens CFLY0/). 3 'dn:i
CFL90/0.37 to investigate their effectiveness in enhancing the column ductility when COMparey
with CF90/0.30, CF135/0.30 and CF135/0.37. The notations 0.30 and 0.37 designate the ralio of
the axial compression to the strength based on the concrete strength on the day of testing 7 4pg the

gross sectional area of the column.

Table 1 - Details of test specimens

ﬁfcﬂq dmesms Longidmal Terserse Renbcenent
Specinen | Stengh Renbxmen Hodk PAR,

£ [wih|dph|beght] p, | § |DmeefSpacre] £ | Axd| Coofpmatn

{Pa) | am)| fm)| @em)| &) | UP2)] @o) | @m) | ¥Pa)| &)
CFO/AOD| B9 | 28| 37 | L0 | 34| 41 | 9 0 [ 35 | 048 | 0 +AClostisrocks] 000
(FIBAD[ %7 | 3B | 36 | 40| 34| 41| 9 120 | 35 | 048 |15 +Mlamsosiocks| 00
CFLOAD| 317 | 3| 3B | 150] 34 | 47 9 120 36 | 0493 |9P+AClcossteswhels| 03 |
CF1%/037| 05 | 9 | &7 | 50| U | 46| 9 120 | 38 | 048 1B+ Alasstesirochs| 037
[CIL90/037| 224 | 38 | &7 | 500 | 314 | 41| & 10 | 297 | 048 [9F+ Micosstiswhchs]l 037 |

Test setup and instrumentation

Fig. 2 shows the schematic diagram of the test setup. The axial load on each specimen was applied
by means of a hydraulic jack bearing against the column top and a load transfer girder sitting on top
of the jack. Linear variable differential transformers (LVDTs) were employed to measure the lateral
displacements of the columa along its height. Selected ties in the plastic hinge zone were
instrumented with electrical resistance strain gages. The 1000 kN hydraulic actuator for horizontal
load application was fitted with a load cell. Signals from the load cell, LVDTs and strain gages were
connected to a computerized data acquisition system.

Testing procedure

The testing was carried out following the general procedure proposed by Watson and Park®. After
the application of the specified axial Ioad, the lateral force was load controlled to £ 75 percent of the
theoretical lateral yield value computed on the basis of the ACI Code without any strength reduction.
Subsequently each specimen was subjected to displacement controlled cyclic loading, starting from
the displacement ductility factor g, of 1. The displacement ductility level was incremented at an
interval of 1, in general, with two cycles of loading performed for each ductility level until failure.

Test results

Lateral load-displacement hysteretic response

The lateral load-displacement hysteretic responses for the test specimens are shown in Fig. 3-4.
The curves clearly indicate flexural dominated characteristics. It is interesting that specimens
CF135/0.30 and CFL90/0.30 experienced stable hysteresis loops up to ductility level 3.0, with
similar general characteristics. While the specimen with 135-deg hooks and (unclipped) ACI
crossties suffered sharp decrease in lateral load resistance during the next (and last) loading cycle to
ductility level 4.0, the specimen with hook-clips exhibited a stable hysteresis loop in the same cycle,
with little strength degradation. The latter was able to sustain 2 complete cycles at this ductility
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level, although significant degradation in strength and stiftness occurred in the second cyele at y, =
4.0.

The sudden drop in lateral load resistance was even more pronounced in specimen CF30/0.30
when it was being pushed to 34, This was caused by the opening of the 90-deg hook of the ACI
crosstie in the second tic set above the base, when the longitudinal bars buckled.

Specimen CFLS0/0.37 extubited a more stable hysteretic response than CF135/0.37, with much
less strength degradation. Prior to unloading from the second cycle at tt, = 3, specimen CF135/0.37
rapidly lost its load capacity (by more than 45 percent) due to buckling of the vertical bars at a
displacement of +2.544,. The specimen with hook-clips, on the other hand, could still carry 88
percent of the peak load, and even sustained one complete cycle at g, = 3.5 with a remarkable
capacity before final failure.

Effectiveness of hook-clips
From the following observations, it is evident that the hook-clips were effective in improving the
performance of the 90-deg hooks in the hoop ties and ACI crossties:

a) In contrast to CF90/0.30 with conventional 90-deg hooks, the clips in the CFL90/0.30 specimen
were able to prevent premature opening of the 90-deg hooks, Ieading to eftective restraint of the
vertical bars at the tie positions, and resulung in the vertical bars buckling by aboul hall the
buckling {ength of those without clips as depicted in Fig. 5. The shorter buckling Iength allowed the
specimen to sustain a higher load at the same deformation,

b) The ductility performance of the specimen with 90-deg hook ties and hook-clips far excelled
that of the specimen without hook-clips, by a factor of 1.8 in terms of displacement ductility
attained at failure (see Table 2). In fact, the former even performed better than the CF135/0.30
which was confined with 135-deg tics and ACI crossties (without hook-clips).

c) The crossties with hook-clips were able to develop larger strains than those without clips. From
the strain gage readings it was found that the most severely strained crosstie in specimen
CFL90/0.37 developed a maximum strain of 1.5 times that in CF135/0.37.

Table 2 - Test results

Specmen Iat:alxahﬁmlmtlaﬁ)&/@v A, Apm | Haem Falremod

Povikd | ACICok |BapwAesc] fm) | fam)
CF A3 e 0DII EY 143 B4 20 Fere
CF13%/030 U, 00Ib 043 142 426 30 Feue
CFL9 30 s (168 CHN I VY:C) 150 600 37 Feue
CF1% /037 s 0% 57 142 426 25 FEume
CILD N3 U0 OB Udo 132 05 30 Fewe

Confinement steel for expected ductility factor

It has been widely recognized that, while the ACI Code provisions for the design of confinement
steel for earthquake-resistant design of columns are conservative for low compression loads, they
may not be sufficient for high levels of compression. Furthermore, the code provisions are specified
for high seismic risk regions, and no recommendations on the amount of confinement steel are given
for moderate levels of ductilities suitable for areas of moderate seismic risk, although some

¥
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requirements are specified on tie spacing limits in the cntical end regions around beam-colyupy,
joints.

To cover a wide range of confinement and axial load levels, as well as to take account af tie
configurations, the test results obtained from this study together with existing experimental resuleg
carried out by various researchers on reinforced concrete square and rectangular columns were used
in a regression analysis to obtain a relationship between the displacement ductility factor and the
‘effective confinement reinforcement ratio’p, defined as . ‘

A.\'hk:
P s ()

sh,ACI* p

where k. is the confinement effectiveness coefficient’ normalized with respect to 0.75, which is the

upper bound value assumed by the ACI Code for the efficiency of rectilinear ties in comparison
with that of closely-spaced spirals; Ay Ac, is the minimum total cross-sectional area of rectangular
hoops and crossties as specified by the ACI Code; and Y, is the axial load parameter which takes
into account the effect of the axial load level®.

A simple design chart is proposed by Lukkunaprasit’ shown as the dotted line in Fig. 6., which sets
a practical lower bound for the ductility performance of columns under normal compression level,
as well as a suggested allowable minimum effective confinement steel ratio and an upper bound ior
the ductility factor that may be attained in practice.

INELASTIC BUILDINGS WITH TUNED MASS DAMPERS
UNDER LONG DISTANCE EARTHQUAKES

The problem

Many big cities in moderate seismic risk regions, such as Bangkok and Singapore, are known 10
be situated at sufficiently long distances from major active faults. The ground motions induced by
long distance earthquakes, amplified by the soft soil strata present in many locations, may lead to
resonance-like motion which poses a threat to medium to high-rise buildings. However, the
harmonic-like ground motion from long distance earthquakes coupled with long excitation duration
leads to a favorable condition for the TMDs in vibration control of buildings. While several studies
exist'*" which were directed toward high intensity earthquake motions, little attention has been
given to moderate ones, for which TMD should be of advantage in reducing damage in buildings
which would otherwise be heavily damaged if the TMDs were not equipped. Furthermore, improved
performance of buildings is also of increasing importance in view of the current trend toward
performance-based design which, depending on the performance objectives, might call for
economical restorability under the damage control limit state.

In this paper, the effectiveness of TMD in reducing damage in buildings undergoing inelastic
deformation under ground shaking pertinent to moderate seismic zones is demonstrated through
numerical examples of 5-storey shear buildings undergoing elastic-perfectly plastic deformations.
Linear TMDs were employed by virtue of their simplicity and robustness, In each building, the
bottom storey yield strength was taken as 1/4 of the elastic base shear which would result if the
building was subjected to the scaled Mexico excitation. The damping ratio of the building was taken
as 2% for each vibration mode. The TMD damping ratio and tuning frequency were based on the
Den Hartog method", with the generalized mass ratio taken as 6%.
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The excitations considered were the 1985 Mexico city (SCT record) and the 1995 Bangkok
accelerograms, scaled to the value of 0.10g to represent moderate ground shaking (Fig. 7). The
response spectva of the ground motions are shown in Fig. 8.

The detaits of the study are given in a paper by LukKunaprasit and Wanitkorku!*. A briel
summary of the main findings 1s described herein.

TMD performance with variation of building natural period

As evident in Fig. 9, the TMD performance is close to optimum w hen the building period is in the
neighborhood of the predominant period of the Mexico ground motion. Elsewhere, the detuning
effect will be more pronounced leading to deterioration in TMD performance. It may be observed
that over the building period range of 1.8-2.8 sec, the reduction in the dissipated energy is 40% or
more even though there is an insignificant reduction in the peak displacement response (Fig. 10). A
an example, for the idealized 5-DOF building whose fundamental period was 2.0 sec under the
scaled Mexico earthquake, the peak displacement for the building with TMD was reduced by a
small amount of 12% from that of the uncontroiled building, whereas the number of yielding cycles
in the ground floor columas was reduced significantly by about 70% with the aid of TMD (Fig. 1 1).
This could be best quantified by means of the accumulated hysteretic energy absorption ratio, which
was found to be 0.20. In other words, the hysteretic encrgy dissipatton in the building with TMD
was only 20% of that in the uncontrolied one. For other cases, the number of yielding excursions in
the bottom storey is reduced by more than 40% in general. The results clearly indicate that TMD
can be effective in reducing the inclastic deformation, with the consequence of less damage, for
buildings in the 1.8-2.8 sce period range when they are subjected to motions with characteristics
similar to the Mexico City (SCT) or Bangkok carthquakes.

Damage reduction by TMD for moderate ground shaking

As mentioned euarlier, the earthquakes considered in this study were intended to represent rare
events in moderate scismic risk regions. The buildings without TMD, though capable of
withstanding the ground shaking, would suffer significant damage. Depending on the design for
ductility as well as characteristics of the hysteresis loops, a value of 15 or more may be the ultimate
limit of the hysteretic energy normalized with respect to A, of the bottom storey. Taking a value
of 15 as the limit, for instance, the 2 sec period building without TMD would be on the verge of
collapse under the scaled Mexico ground motion with PGA of 0.10g. However, with the
contribution of TMD, the critical columns in the building-TMD system are now called upon to
dissipate only 20% of the hysteretic energy of the system without TMD, while the ductility demand
is also reduced slightly. Consequently, the building with TMD would survive the earthquake with
much less damage. More details are given by Lukkunaprasit and Wanitkorkul®,

Conclusions

Two important problems relevant to many cities in this region are addressed. Firstly, a significant
improvement of the ductility performance of non-ductile reinforced concrete tied columns prevalent
in current design practice can be achieved with the use of hook-clips, which can be easily and
practically placed on site to restrain the opening of the 90-deg hook ties and ACI crossties. In fact,
the overall performance of the specimens with hook-clips under a moderate ductility demand was
even superior to that of columns confined with 135-deg hook ties and conventional ACI crossties.
The effective restraint of the 90-deg ends of crossties by hook-clips led to a significant improvement
of ACI crossties, which should be beneficial even in regions of high seismicity. Secondly, with the
aid of TMDs, it is possible to achieve a reduction of damage in buildings in the 1.8-2.8 s range
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caused by moderate ground shaking induced by long distance earthquakes resembling the 1983
Mexico City (SCT) or the Bangkok ground motion.
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Fig. I -Hook-clips engaging 90° Fig.2 - Test setup
hoop ties and crosstics
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Fig. 5 - Buckling of vertical bars
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AN INNOVATIVE HOOK-CLIP FOR PERFORMANCE IMPROVEMENT OF
REINFORCED CONCRETE TIED COLUMNS

Panitan LUKKUNAPRASIT!

SUMMARY

This paper presents a sunple-to-place device, called “hook-clip”, which can be used to hold the legs of the
conventional 90° hook ties or crossties in reinforced concrete columns at the sites, so as to effectively improve
their performance. The hook-clip invented is to prevent premature opening of the legs of the hooks. Static
compression tests on a number of specimens clearly demonstrated the effectiveness of the clips in restraining the
veriical reinforcing bars at the tie positions, resulting in the bars buckling in about half the buckling length of
those in specimens without hook-clips and hence higher sustained load at the same level of strain. At a large
axial strain of 0.04, columns with hook-clips were able to sustain a loading comparable to that of columns

confined with 135° hook ties. Preliminary test results of a medium size column under cyclic loading are also
presented.

INTRODUCTION

Although extensive studies of reinforced concrete columns confined with 135° hook ties have been carried out
[e.g. Kent and Park 1971; Mander et al. 1988; Park et al. 1982; Sheikh and Uzumeri 1980}, very lutle work has
been focused on the performance of $0° hook ties, inspite of the fact that crossties with 135° hook at one end and
90° hook at the other are permitied by ACI Code [1995] even in areas of high seismic risk. Razvi and Saatcioglu
[1989] tested 2 specimens with 90° hook ties and their results indicated that they were inferior to columns
confined by 135° hooks at axial strains in excess of about 0.015. Shiekh and Yeh [1990] investigated the
behavior of tied columns with different reinforcement and tie configurations under medium to high axial load
levels and flexure, Crossties with 90° hooks were reported to cause brittle failure and to be harmful rather than
beneficial, especially at high axial loads. Lynn et al. [1996] tested eight full-scale reinforced concrete columns
having details widely practiced before mid 1970’s in U.S.A. and including 90° hook tie details among others.
Cyclic load-displacement curves were obtained for light and moderate level axial loads. Poor performance of
90° hook ties was evident, leading to rapid loss of gravity load resistance.

The deficiency of 90° hook ties in columns was witnessed in past earthquakes in bridges [e.g. Seible et al. 1995},
reinforced concrete buildings [EQE. 1995], and steel reinforced concrete structures [Azizinamini et al. 1997].
Despite their poor performance, 90° hook ties are still used extensively worldwide in low 10 moderate seismic
risk regions because of the ease of their placement, when compared with the 135° hooks. Ninety-degree hook
ties are even more appealing in developing countries where laying of reinforcing bars is quite commonly not
practiced to an acceptable standard of precision, making it extremely difficult to put 135° hook ties in place. In
view of the importance of vertical load resistance members, it is extremely desirable to have sufficient inherent
ductility (to cope with very rare earthquakes) even in low seismic risk zones. It is also equally important to
improve the performance of conventional crossties with 90° hooks to ensure their confinement effectiveness,
which is essential in areas of high seismic risk. This paper presents a simple-to-place device called “hook-clip”
to be clipped onto the conventional 90° hook ties or crossties at the sites so as to effectively improve their
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(without hook-clips). Normal weight concrete with a maximum aggregate size of 20 mm and a slump of 75 mm-
125 mm was used. Typical stress-strain curves of the reinforcing bars used are shown in Fig. 4.

Each test specimen was instrumented with LVDTs on four faces with nominal gauge lengths of 200 mm. The
columns were loaded ata stow strain rate using a 3000-kN hydraulic compression testing machine.
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Figure 3: Detail of typical reinforced concrete Figure 4: Stress-strain relationships
: column specimen (hook-clips not shown) of reinforcing bars
Table 1: Details of column specimens
Specimen | Concrete Longitudinal reinforcement Lateral ties Hook
strength [ Main bar f, Peross (¥6) | Diameter fin P (%6) angle
MPa MPa mm MPa degree
C90-1 31 4DB20mm 475 3.14 89 350 1.2 950
C90-2 31 4DB20mm 475 3.14 - 89 350 1.2 90
C90-3 35 4DB20mm 475 3.14 2.9 350 1.2 S0
CL90-1 31 4DB20mm 475 314 8.9 350 1.2 90
with clips
CL90-2 31 4DB20mm 475 3.H4 8.9 350 1.2 90
with clips
CL%0-3 35 4DB20mm 415 3.14 8.9 350 1.2 90
with clips
C135-4 3l 4DB20mm 475 3.14 8.9 350 1.2 135
Cl1335-2 31 4DB20inm 475 3.14 8.9 350 1.2 135
Cl135-3 35 4DB20mm 475 J. 14 8.9 350 1.2 135
Noies: fy = yield strength of longitudinal reinforcement ; fyh = yield strength of ties

Paross = ratio of longitudinal steel area to gross column area
[y, = ratio of volume of tie steel to volume of concrete core measured to centers of the tie

TEST RESULTS

Effectivencss of hook-clips

As expected. soon after the concrete covers were spalled off, the 90° hook ties which were most severely loaded
started o open up under the ouward thrast resulting from the lateral smovement of the longitudinal bars during
buckling. with a rapid decrease in load carrving capacitv. This clearly indicated that these ties were not able to
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performance. The effcetivencss of the hook-clip was examined in comparison with spectinens with conventional

907 and 135° lieok Les under static concentric cotpression loading. Preliminany test resulls of a medium size
column under cvelic lateral toading are also included.

THE HOOK-CLIP

To prevent prenuture opening of the tics. it is cnvisaged (0 provide a supplamentary tic or “hook—<lip” holding
the legs of the hooks and einbedded in the concrete core. The clip weuld provide an inward thrust resisting the
opeuing of the tes after the concrete coner spalls off. Fig. | shows the detajls of the clip proposed for binding 9
nun diameter ues or simaller. The hook-clip may be empleved o clip the legs of any hoop tie or crosstie with 90°
hooks (sec Fig. 2} Wilh the clips prefabricated. the clipping operation can be done easily al the site. No
welding s necded.

1 Diacrowecy e wrl

Figure 1: Detail of hook-clip Figure 2: Hook»clips‘cngaging 90° hosp tics and crosstics

TEST SPECIMENS AND TEST SETUP

Smali sized columin specimens with 200 mm by 200 mm in cross section and 1000 mm in leagth served as test
specimens. Each was retnforced with 4 longitudinal deformed bars of 20 mm (DB20) nominal diameter. The
center 360 mm portion of the column was bound by & 9 mnm round bars spaced at 120 mm. Close lie spacings of
30 mm were provided in the rest of (he columa o prevent [aflure in the end zones. The ties were supplied with
hooks (90%r 135° depending on specimens) will an inside radius of 2 times the tie diameter and an extension of
60 mnt. The tie spacing of 120 mm is smaller than that stipulated by ACI {1995] which alfows 200 mim for low
ductility detailing in low to slightly moderate seismic zones. The close spacing was chosen in view of the higher
demand on the ties in providing lateral restraint for the longiindinal bars when buckled in shorter unsupported
lengths. Consequently, a higher demand was also imposed on the hook-clips in order to prevent the ties from
premature opeaing. The clips were made of § mm diameler round bars and embedded 75 mm in the concrete

core. The vield strength and modulus of elasticity of the clip steel were 450 MPa and 206.600 MPa,
respectively,

1t should be noted that large longitudinal bars were used so that at longitudinal bar buckling, a large outward
thrust would be exerted on the ties. which would in turnt trv to pull the hook-clips out of the confined core
Furthermore, the design was meant for regions of fow to moderate seismicity. with detailing conforming to ACI
Code. which aiflows for substantiallv larger spacings of longiudinal and transverse reinforcements than those
allowed in higher seismic risk areas.

Tlhiree sets of specimens designated C135. €90 and CL9O representing columns with 133°, 90° hook tics, ard 90°
liook ties with hook-clips. respectively. were tested. each set consisting of ideally identical reinforcement.
Table 1 lists the relevant data of the 1est specimens. Fig. 3 depicts the drawing of a (ypical column specimen
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restrain the longitudinal bars at the tie positions. with the consequence of the vertical bars buckling in
approximately twice the tie spacing (sce Fig. 5). In contrasl 1o the conventional Y0° hooks, the clips in CLS0
specimens were able to prevenl premature opening of the 90° hooks, leading (o cffective restraint of the vertical
bars at the tie positions, and resulting in the vertical bars buckling in about half the buckling length of those
without clips, when buckling conunenced, as depicted in Fig. or In fact, the clips in all specimens were still
hotding the hook cnds even at sufficiently large strains in excess of 0.040, although the legs of the hooks did
slide along the sides of the tics in {wo specimens.

The overall perforinance of the specimens with 135 hooks was slightly better than the CL90 scries. As
expected. the 135° hooks effectively confined the core up {o a large axial strain {of about 0.043), afier which
there was also a 1endeney for onc of the legs to open up. The buckling shape of the longitudinal bars was also
simiidar Lo the speeimens with hook- clips as ¢an be seenin Fig. 7.
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Normalized axtal load-strain relationships

The peak load for each specimen is tabulated in Table 2. As expected, the peak loads would be practically not
influenced by the details of the tie hooks because confincinent provided by all hook configurations is ¢ssentially
cquivalent at small strains.

Fig. 8 depicts the average nommalized axial load-strain rekitionships for specimens in cach series. Because of
some incousisiency in foad control the resulls for the C133-2 specimen weee decined inconsisient and were
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therefore discarded. For the 90° hook tied specimens, the load-deformation curve descended rapidly soon after
reaching the moximum capactty, indicating loss of confinement due 10 the opening up of the ties, whereas
specimens with hook-clips showed decreasing rate of drop in load camrying capacity. 1t is evident that the CL.90
specimens were much superior to the €90s. The latter practically failed at a strain of about 0.030 while those
with hook-clips were still able to carry a significant load of 45% of the peak load at this strain. In fact, the CL90
specimens exhibited load-deformation characteristic quite similar to those confined with 135° ties.

Table 2: Test results - peak loads

Specimen C90-3 CL90-1 | CL90-2 CL9O-34FC135-1 C135-3

(S:tr?enncrt‘;i rI\j:IFEaE 31 31 j 35 31 31 35 31 35
o= 3

Experimental - .
Peak Load, kN 1805 1940 2000 1795 1910 1980 1830 2020

]

THEORETICAL AXIAL LOAD-STRAIN CURVES

By assuming a uniform axial strain distribution and suitable stress-strain models for the unconfined concrete
shell, the confined concrete core as well as the longitudinal steel bars, one can compute the theoretical axial
load-strain relationships based on perfect bond between concrete and steel.

In view of the poor performance of the columns with conventional 90° hooks, and the prevalence of previous
work on columns confined with 135° hooks, only the axial load-strain curves for the CL9Q’s are presented. Fig.
9 shows the average test results of CL90-1 and CL90-2 (whose compressive strengths were the same at the time
of testing) together with the predicted curves based on the well known Modified Kent and Park {Park: et al. 1982]
and the Mander [1988] models. The corresponding results for CL90-3 are plotted in Fig. 10.
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Figure 9: Comparison of theoretical and Figure 10: Comparison of theoretical and
experimental axial load-strain experimental axial load-strain
curves-Column CL90-1 and CL90-2 curves-Column CL90-3

In computing the theoretical values, the strength of the concrete in the specimens was taken as 90% of that
obtained from the standard cylinder tests. The spalling strain was assumed to be 0.005. Furthermore, buckling of
the longitudinal bars was ignored, and the bars were assumed to have an elastic-perfectly plastic stress-strain
relationship. Since the loading capacity of columns with moderate confinement generally drops more than 20%
from the peak value when buckling of the vertical bars takes place, which corresponds to an axial strain of about
0.015 in the CL90 series, these assumptions are reasonable for the prediction of theoretical axial load-strain
relations in the vseful range of the column. [t may be observed that, in general, the Mander model gives a better
estimate of the axial load carried by the CL90 columns at small strains up to about 0.010. For larger strains in the
range of 0.010-0.015, the Mander model overestimates the load capacity (by about 10-14%) while the Modified
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Kenl and Park model gives a more conservative and closer estimate. Beyvond the axtal strain of aboul 0.015, i
more refined analytical method is needed fo account for buckling ol the longitudinal bars and deterioration of the
concrete core, which are neglecled in this study.

PRELIMINARY CYCLIC LOAD TEST

With the promising perforimance of hook-clips cvidenced in monotonic static load tests, investigation on the
behavior of a cantilevered colunny of medium size (400 nun x 400 mun x 15300 nun) under a moderate level ol
axial load (0.30 f7 times the gross scctional area) and cyclic lateral loading was carried out. The reinforcement

consisied of 16-20 mm diameter longttudinal bars bound by scts of one ¢ mm diameter hoop tie with 1wo
crosslies spaced at 120 mm spacings. Hook-clips were used to cagage the 90° hooks of the ties and crosstics
(Fig. 2). Preliminary test results did confirm the effectiveness of the hook-clips in restraining the verucal bars at
the tie positions after the specinien was subjected 1o 7 cycles of laterai load reversals with a maximm
displacement ductility factor of aboul 4. As is evident from Fig. H, the hook-clips successfully tied the Y0°
hooks. resulting in the buckbing shape of the vertical bars in yesemblance withr that in the monotortic compression
tlesl. Anextlensive lest progrant s currenth underwin to imvestigate the eyclic performance ol hook-clips.

(-l) (1
Figure 11: (a) Cantilevered column under evclic load test; (b} Effectiveness of hook-clip in restraining
vertical hars at tic posttions

CONCLUSIONS

The hook-clips in\'cmcd ar effective in imprux'ilu, the pcrformancc of Mia]lv IOdde columns conﬁncd with 90°
aboul half of lhosc in speciniens \wihom hook -clips, when bar buckling cominenced. xé“mﬂ,r spcc:mcns
practically failed at a strain of about (.030 while a significant portion of the peak load could stilt be carried by
the specimens with ¢lips by virtue of the better confineinent enkanced by the hook-clips and the higher buckling
strength of the vertical burs. In fact, the overall performance of the specimens with hook-clips was comparable (0
that of columns confined with 133° hook fies. The theorclical axial load-strain relationships can be reasonably
predicted by using the Mander concrete model for stritins prior 1o incipient buckling,

Conventional 90° hook licd columns do net possess sufficient ductility for a safe environment in (he event of 4
raie curthquake, The efTectiveness of hook-clips in improving the performance of tied columns can coninibute to
earthquake risk reduction in low to moderate seismic risk zones, especially in developing countries where
changes in construction habit cannot be easily effected. The easy-lo-place hook-clips would provide an atiructive

altern: itive soluuon subject To further extensive reseirch work on their cyclic perforniance.”
ALCIMAlVe soluli
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ABSTRACT

Alikough reinforced concrete columns confined with 90° ook ties have demonstrated very poor performance
both in past earthquakes and in laboraterics, they are still used extensively worldwide in low to moderate seismic
risk regions because of the easc of their placement, when compared with the 135° hooks. The problem is even
morc pronounced in developing countries where luying of reinforcing bars is quite commonly not practiced to an
acceplable standard of precision, making it extremely difficult to put 135° hook ties in place. Moreover, crossties
with 135° hook at one end and 90° hook at the other are permiuted by ACI Code even in areas of high seismic
risk. In view of the importance of vertical load resistance members, it is extremely desirable to have sufficient
inherent ductility (to cope with very rare earthquakes) even in low seismic risk zones. It is also equally important
10 improve the performance of conventional crossties with 90° hooks to ensure their confinement effectiveness,
which is essential in areas of high seismic risk. This research paper presents a simple-to-place device called
"hook—clip” to be clipped onto the conventional 90° hook ties or crossties at the sites, so as to effectively
improve their performance. The effectiveness of the hook-clip was examined in comparison with specimens with
conventional 90° and 135° hook ties under static compression.

Nine short columns with 200 mm x 200 mm in cross section and reinforced with non-seismic detailing were
tested to failure. The tie configurations included were conventional 135°-, 90°- hooks and 90°- hooks with hook-
clips. The tie spacing and vertical reinforcement were designed in such a way that a large strength demand was
tmposed on the ties in providing lateral restraint for the longitudinal bars, and hence a large demand was also
imposed on the hook clips.

The hook-clips invented are effective in improving the performance of axially loaded columns confined with 90°
hook ties, as evidenced from the buckling lengths of the longitudinal bars in the specimens with hook-clips being
about half of those in specimens without hook-¢lips. The latter practically failed at a strain of about 0.030 while
a significant portion of the peak load could still be carried by the specimens with clips by virtue of the better
confinement enhanced by the hook-clips and the higher buckling strength of the vertical bars. In fact, the overall
performance of the specimens with hook-clips was comparable to that of columns confined with 135° hook ties.
A preliminary test on cyclic behavior of a cantilevered column specimen of medium size also confirmed the
effectiveness of the hook-clips in restraining the vertical bars at the tie positions. The effectiveness of hook-clips
in improving the performance of tied columns can contribute to earthquake risk reduction in low to moderate
seismic risk zones, especially in developing countries, where simplicity is an important factor in construction
practice.
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DEVELOPMENT OF REINFORCEMENT DETAILS TO IMPROVE THE CYCLIC
RESPONSE OF SLENDER STRUCTURAL WALLS

Chadchart SITTIPUNT' And Sharon L WOOD?

SUMMARY

A series of four reinforced councrete walls were tested to failure to evaluate the influence of
diagonal web reinforcement on the hysteretic response. Two walls contained conventional
horizontal and vertcal web reinforcement and two walls contained inclined reinforcement.
Reinforcement details were representative of construction practice in regions of low to moderate
seismic risk. A single layer of web reinforcement was used and the transverse reinforcernent in the
boundary elements did not confine the concrete core.

Both walls with conventional web reinforcement failed due to web crushing. Pinched shapes
characterized the hysteresis curves for top displacement and shear distortion near the base. In
contrast, the walls with diagonal reinforcement displayed rounded hysteresis curves, and failed due
to crushing of the boundary elements. The choice of web reinforcement did not have a significant
influence on the maximum lateral load resisted by the walls, but measured crack widths were less,
and more energy was dissipated by the walls with diagonal reinforcement during loading cycles to
comparable levels of displacement,

INTRODUCTION

Fundamental studies of the behavior of slender reinforced concrete structural walls were conducted during the
1970s at the Portland Cement Association [Qesterle, et al, 1976, and Oesterle, et al, 1979]. Experimental
parameters included the amounts of longitudinal, web, and confinement reinforcement. The results of these tests
were used to establish reinforcement requirements in current building codes [ACI 318, 1995], and were later
Interpreted to investigate the influence of the amount of reinforcement on wall behavior [Wood, 1991].
Subsequent analytical studies [Sittipunt and ‘Wood, 1995] indicated that the hysteretic response of walls
susceptible to shear failures could be improved if diagonal reinforcement was used in the web. Diagonal web
reinforcement provided a more effective mechanism for transferring lateral forces into the foundation and
resulted in lower shear strains near the base of the wall and improved energy dissipation characteristics.

Experience during the 1989 Loma Prieta and 1994 Northridge earthquakes has shown that economic losses can
be significant in buildings that satisfied the life safety design criteria inherent to current building codes. As a
result, procedures to consider the post-earthquake condition of a building when establishing design limit states
are currently being developed. Diagonal web reinforcement in structural walls appears to be one way to control
structural damage using conventional methods of construction. The results of an experimental investigation
comparing the hysteretic response of walls with conventional and diagonal web reinforcement are described in
this paper.

Department of Civil Engineering, Chulalongkorn University, Bangkok, Thailand Email: feecse@kankrow. eng.chula.ac.th
Ferguson Laboratory, University of Texas, Austin, Texas, USA Email: swood@mail.utexas.edu
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Figure 1: Dimensions of Test Specimens

EXPERIMENTAL PROGRAM

Four reinforced concrete wall specimens were constructed and tested at Chulalongkorn University to investigate
the influence of diagonal web reinforcement on the hysteric response of structural walls. The dimensions of the
specimens are shown in Figure 1. All walls had a barbell-shaped cross section with a web thickness of 100 mm
and 250 by 250-mm boundary elements. The overall length of the cross section was 1500 mm.  Vertical
reinforcement was anchored in a 600-mm thick base girder that was bolted to the laboratory floor. A 250-mm
wide by 500-mm deep beam was cast on top of the wall panel, and a hydraulic actuator was attached to the
specimen at mid-depth of the beam. Lateral loads were applied 2150 mm above the base of the wall.

The primary experimental parameters were the amount and orientation of the web reinforcement. The
longitudinal and transverse reinforcement in the boundary elements was the same in alf four specimens (Fig. 1b).- -
The transverse reinforcement in the boundary elements was not intended to provide confinement of the concrete
core. The amount of transverse reinforcement provided was consistent with current practice in Thailand and was
approximately one-fifth that required in the U.S. in regions of high seismic risk. A single layer of web
reinforcement was used in all walls. Specimens W1 and W2 were reinforced with conventional horizontal and
vertical web reinforcement, while diagonal web reinforcement was used in specimens W3 and W4,

The design procedures in the American Concrete Institute Building Code [ACI 318, 1995] for regions of low and
moderate seismic risk were used to proportion the walls, During design, the concrete compressive strength was
assumed to be 29 MPa and the yield stress of the reinforcement was assumed to be 390 MPa. The measured
strengths of the materials used to construct the walls exceeded these values and are summarized in Table 1.

The reinforcement tn specimen W1 was selected such that the nominal shear and flexural strengths of the wall
were the same. Horizontal web reinforcement was spaced at 150 mm on center, and vertical web reinforcement
was spaced at 200 mm on center for specimen W1. Bar spacings were decreased to 100 mm for the horizontal
reinforcement and 150 mm for the vertical reinforcement in specimen W2. This change in spacing had a
negligible influence on the calculated flexural capacity, but increased the nominal shear strength by 25% relative
to specimen W1. The spacing of the web reinforcement in specimens W3 and W4 was the same as the spacing
of the horizontal web reinforcement in specimens W1 and W2, respectively (Table 1). However, the web
reinforcement in specimens W3 and W4 was rotated 45 degrees with respect to the longitudinal axis of the wall.
The nominal strengths of specimens W1 and W3 and specimens W2 and W4 were essentially the same.
Nominal capacities calculated using the measured material properties are listed in Table 2.

During the tests, lateral displacements were measured at four locations over the height of the walls (450, 900,
1500, and 2100 mm above the base). In addition, the shear strains were estimated from the diagonal distortion of
a 900-mm square located at the base of the wall.

2 1776
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Table 1: Material Propertics and Reinforcement Ratios

Wl W2 W3 W4

Concrete Compressive Strength, MPa 36.6 35.8 37.8 36.3
Horizontal Web Reinforcement

Spacing, mm 150 100 — —

Reinforcement ratio, % 0.52 0.79 — -—
Vertical Web Reinforcement

Spacing, mm 200 150 — —

Reinforcement ratio, % 0.39 0.52 — —
Diagonal Web Reinforcement

Spacing, mm — — 150 100

Reinforcement ratio, % — — 0.52 0.79
Longitudinal Reinforcement in Boundary Elements |

Area, mm? 1430 1430 1430 1430

Reinforcement ratio, % 2.29 2.29 2.29 2.29
Transverse Reinforcement in Boundary Elements *

Spacing, mm 100 100 100 100

Notes:

Single layer of 10-mm deformed bars, f, =450 MPa
. Six, 16-mm deformed bars, f, =473 MPa and two, 12-mm deformed bars, f, =425 MPa
*  Single tie, 6-mm plain bars, f, = 444 MPa

MEASURED RESPONSE

The cyclic loading history used to test the specimens may be divided into discrete stages, each comprising three
complete cycles to a specified force or displacement level. During the first stage, the walls were pushed with a
maximum force of 200 kN, which corresponded to the nominal cracking load. In subsequent stages, the
specimens were pushed to integer multiples of the observed yield displacement, beginning with a displacement
ductility of 1 in the second stage. The maximum positive displacement resisted by each wall during the first five
stages of loading is shown in Figure 2. Slight differences in the maximum displacements sustained by each wall
were observed during the first four stages of loading. These variations increased in amplitude during subsequent
loading stages. Testing coniinued until the lateral load capacity of each specimen was reduced by the abrupt
failure of the web or boundary elements. Three of the four specimens were able to withstand three complete
cycles to a displacement ductility of 4 before failure, while specimen W3 failed during the second cycle to this
displacement level.

Continuous plots of load versus top displacement are shown in Figure 3. Sigpificant differences may be
observed between the hysteretic response of the walls with conventional web reinforcement (W1 and W2) and
the walls with diagonal web reinforcement (W3 and W4). A pinched shape characterized the hysteresis curves
for walls W1 and W2. Cracks in the lower portion of the wall did not close when the applied load was reduced
to zero, leading to a large reduction in the stiffness of the wall at low levels of applied load. In contrast, the
hysteresis curves for walls, W3 and W4 exhibited a rounded shape and the effective stiffness did not depend on
the magnitude of the applied load during an individual loading cycle. Hysteresis curves for shear distortion in the
lower 900 mm of the web are plotted in Figure 4. These data also indicate appreciable improvements in the
response due to the diagonal reinforcement.

'fnble 2: Calculated and Measured Capacity of Specimens

Calculated per ACI 318-85 Observed Response
Specimen Flexural Shear Maximum Load at Web .
Capacity Capacity Load Crushing Mode of Failure
kN kN - kN KN
Wi 496 482 491 151 .
w2 515 621 608 350 Web Crushing
W3 518 485 569 — Crushing of
W4 545 622 618 — Boundary Element
3 1770
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Figure 2: Maximum Positive Displacement Sustained during the First Five Stages of Loading

All four specimens sustained maximum loads that exceeded the caleulated nominal capacities (Table 2). The
walls with diagonal web reinforcement resisted higher loads than the companion walls with conventional
reinforcement; however, the increase in strength was not significant for the walls with higher web reinforcement
ratios. Walls W1 and W2 failed abruptly due to web crushing. The applied load at the onset of web erushing
was approximately the same for the two specimens. This load was slightly more than 70% of the maximum load
resisted by wall W1 and slightly less than 60% of the load resisted by wall W2. Similar reductions in shear
strength with cycling have been observed in previous experimental investigations [Wolschlag, 1993]. Walls W3
and W4 failed when the concrete in the boundary elements crushed. This mode of failure was not unexpected,
given the modest amount of transverse reinforcement in the boundary elements. Significant increases in the
displacement capacities of walls were observed in previous tests when the amount of confinement reinforcement
in the boundary elements was increased [Oesterle et al, 1976].
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Because the amplitudes of the imposed displacements were not the same for corresponding loading cycles for the
four walls, normalized parameters were used to compare the energy dissipation characteristics of the walls. For
each loading cycle, the maximum ductility ratio and the area enclosed by the overall hysteresis curves (Figure 3)
were calculated. The accumulated ductility ratio was then defined as the maximum ductility ratio for a given
cycle plus the sum of the maximum ductility ratios in all previous cycles. Similarly, the accumulated energy was
a sum of the area enclosed by the hysteresis loops. These data are plotted in Figure 5 for loading stages 1
through 5. Accumulated energy increased nearly linearly with the accumulated ductility ratio for the four walls.
The rate of increase was considerably higher for the walls with diagonal web reinforcement, indicating their

ability to dissipate more energy at a giver level of distortion. This confirms the qua

on the shape of the hysteresis curves.

Accumulated Energy Dissipated, kN-m

Figure 5: Energy Dissipated during the First Five Loading Cycles
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CONCLUSION

The results of this experimental investigation have demonstrated that distributed diagonal web reinforcement is
an effective means of improving the hysteretic response of structural walls. Because the diagonal web
reinforcement crosses the paths of the cracks nearly perpendicularly, the reinforcement resists the applied loads
in tension. In contrast, conventionally reinforced walls must rely on dowel action by the vertical steel and
compressive struts in the concrete to transfer the applied loads into the foundation. The strength and stiffuess of
both of these mechanisms degrade with cycling, and these walls are susceptible to web crushing, a brintle mode
of failure. While the capacities of walls W3 and W4 were also limited by the compressive strength of the
concrete, previous research has shown that the response can be improved ‘with additional confinement
reinforcement in the boundary elements.

As engineers adopt performance-based design philosophies, new techniques must be developed to control
structural damage reliably during earthquakes. Diagonal web reinforcement is one such approach. For loading
cycles to a specified lateral displacement, walls with diagonal web reinforcement exhibit smaller crack widths
and dissipate more energy than conventionally reinforced walls. In addition, with appropriate confinement of the
boundary elements, brittle modes of failure can be avoided. These advantages in performance offset the
difficulties associated with placement of diagonal bars during construction.
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Abstract

The effect of two commonly used load histories on the ductility and energy dissipation capacity of
reinforced concrete tied columns was investigated. Based on regression anafyses of the test results reported
in the literature, the effective confinement reinforcement ratio was found to provide a good correlation with
the performance indexes studied. The parameters accounted for include the material strength ratio, the
amount of the transverse reinforcement, the axial load level and the effectiveness of the tie configurations.
Load history with increments of two times the yield displacement was found to be slightly more severe
than that with one yicld displacement increments.

Introduction

The influence of load history on the cyclic behavior of structures has been recognized for
some time. Gosain et al. (1977) proposed the work index as an indicator for evaluating
the severity of the loading. They also pointed out limitation of the method when applied
to significantly different load histories. Hwang and Scribner (1984) studied the effect of
load history on reinforced concrete (r.c.) cantilever beams. The sequence of application
of large and small deformations was found to have relatively small effect on the strength
and stiffness degradation, and total energy dissipation capacity of the member. The most
significant factor was the maximum displacement the members experienced.

The cyclic behavior of reinforced concrete tied columns has been .extensively
investigated in the literature. In the majority of studies, the material properties, the
amount of confinement steel, and the effect of axial load level are normally taken as the
main parameters (e.g. Soesianawati, 1986; Azizinamini et al., 1992; Wehbe et al., 1999).
The effect of tie configuration effectiveness has recently been considered by Shiekh and
Khoury (1997) and Lukkunaprasit et al. (2001). However, no single standard load history
has been employed, and it is difficult to compare the performance of r.c. members tested
by different investigators. In this ‘paper, the effect of two commonly used load histories
on the cyclic inelastic behavior of r.c. columns is reported.

Performance Evaluation

To evaluate the performance of reinforced concrete (r.c.) tied columns on a rational basis,
it is necessary to resort to a common and systematic approach in determining the various
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response parameters such as the yield displacement, the ultimate displacement, etc.
Following the procedures outlined by Sheikh and Khoury (1993) and Legeron and
Paultre (2000), the envelope curve (which results from the average of values in both
directions) to hysteresis loop is first constructed. In consistence with the method
proposed by Watson et al. (1994), the yield displacement, A, is taken as the
displacement value attained at the peak lateral load, H, , assuming a secant stiffness
K, at0.75 H ,, . The displacement ductility factor is defined as

Ha = 4,74, o)

where A, is the displacement reached when the capacity of the specimen dropped to
80% of the peak value which is considered as the failure load.

The dissipated energy is defined as the cumulative energy dissipated within each cycle i.
The normalized dissipated energy, E,, is

v = (S ENH A, @

i=]
where n is the number of cycles to failure and E, is the dissipated energy in cycle i.

Rather than compute the dissipated energy, Gosain et al. (1977) proposed the work index

Iy = YU H oA (H )] 3)

=]

as an alternative performance indicator, Eq. (3) was further simplified to

Ny =Y (A /A,) 4)

i=1
which can be interpreted as the cumulative ductility ratio (Sheikh and Khoury,1993).

Effective confinement steel ratio

Although many researchers consider the effect of material and axial load level on the
seismic performance of r.c. tied columns, few explicitly took into account the variation in
effectiveness of different tie configurations. Sheikh and Khoury (1997) suggested that the
confinement steel as recommended by the ACI Code (1999) be modified by a
confinement efficiency parameter, and by nonlinear functions of the axial load level and
the curvature ductility demand. Based on the concept of Sheikh and oury,
Luldcunaprasit et al. (2001) suggested that the effective confinement steel, 4, (k. ), for 2
targeted ductility demand, x4, , be given by the ACI code value, 4 .. mod1ﬁed by the
axial load and ductility level functions, i.e.
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Ay (ke) = Apaa Yfg(ﬂa) (5)

where k, is the confinement effectiveness coefficient normalized with respect to 0.75,
which is the upper bound value assumed by the ACI Code for the efficiency of rectilinear
ties in comparison with that of closely-spaced spirals; Y, is the axial load parameter
which takes into account the effect of the axial load level (Sheikh and Khoury, 1997) and
g(u,) is a nonlinear function of the displacement ductility demand. The simple
empirical formula proposed by Saatcioglu (1996) for the confinement effectiveness
coefficient, k,, was used in this study. Eq. (5) can be rewritten as

My = f(Ashk;/A.:h,ACJYP) = f(P.:) (6)
where f(p,)isa nonlinear function of the effective confinement steel ratio, p,.
Test Samples

Although extensive tests on r.c. tied columns have been conducted, quite 2 number of test
procedures and load histories were followed by various researchers, making comparison
of column performance difficult. Based on the number of test results available which
needs to be large enough for a regression analysis, and the availability of digitized
hysteresis loops, the number of test specimens that could be used in this study is only 16.
These specimens can be broadly grouped into two categories in accordance with
displacement histories as shown in Fig. 1. History types 1 and 2 pertain to testing with
basically two cycles repeated for each displacement increment of 1A, ‘and 24,
respectively. Table 1 lists the details of test specimens whose results are used in the
analyses. The main parameters, besides the load histories, include : material strength
ratio f,/ f,, in the range of 0.060-0.136, where f is the concrete compressive strength
and fs is the yield strength of the transverse steel; shear span-to-depth ratio of 3.0 or
larger; longitudinal reinforcement ratio of 1.51-3,14%; transverse steel in the range of
29%-176% of that specified in ACI code (1999); axial load level of 0.08-0.70 of the
concrete gross section capacity; and tie configurations as shown in Fig. 2. All column
specimens were made of normal strength concrete, and all exhibited flexure mode of
failure, The data on  hysteresis loops were  obtained from
www.ce.washington, ~peerat :

A8 mmam

Pyt Sy A,

Fig. 1 Displacement histories
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Table 1. Details of test specimens used in analyse
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Analysis of Results

The calculated values of the x4, and energy indexes are tabulated in Table 2 and plotted
in Fig. 3-Fig. 5 as functions of p,. The plot in Fig. 3 shows that values of u, for Type
1 load history are contained in a small band when they are plotted against o,, while
those for Type 2 history are much more scattered. A curve fitting of all data points yields
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& Weaha m ol OHP93)

Displaceamtat ductility Tacteryl,
IR IR

Gk 01 &3 &) &4 83 46 oF

Rffoctive confoasment el ratls, p,,

Fig. 3 Displacement ductility factor
as function of pa

1+112p,-7.59 p}, .M
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with the coefficient of determination, r?,
of 0.44, The rather poor correlation is to be
expected because the parameter p, reflects
several factors mentioned  earlier.
Nevertheless, p, is an important
parameter which enables comparison of
performance of column specimens with
different  transverse reinforcements
(including material properties and tie
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arrangements) and different axial load levels.

Clearly more data are definitely needed to reveal the real trend in the results for Type 2
history. For the limited data available, testing with displacement increments of 24,
seems to yield slightly higher ductility factor than testing with tA, increments.
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The plots in Fig. 4-Fig. 5 show a clear tendency for the normalized energy dissipation
capacity and the cumulative ductility ratio to increase nonlinearly with the effective
confinement steel ratio. Results of second order curve fitting are shown in the plots.

It is interesting to observe that the load history with increments of 2A, (Type 2) is
somewhat more severe than that with 1A increments (Type 1). For specimens with low
effective confinement steel ratio (in the range of 0.15-0.30), the energy dissipation
capacity for Type 2 load history is smaller than that for Type 1 load history by about
30%-40%. This discrepancy decreases with increasing effective confinement steel ratio.
The difference in cumulative ductility ratio, on the other hand, slowly increases with
increasing p . However, test results at larger values of p, are rather scattered, and it is
obvious that more tests are needed on highly confined specimens.

As would be expected, there is a close correlation between the work mdex and
cumulative ductility ratio as depicted in Flg 6.

Conclusions

The following conclusions can be drawn:

1. For a given load history, the displacement ductility factor, g, , and-the energy
dissipation parameters were found to correlate fairly well with the effective
confinement reinforcement ratio. This is of practical significance in enabling
prediction of displacement ductility and energy dissipation capacity for a given
column, taking into account the effect of axial load and tie configuration
effectiveness, among other basic variables.

2. The ductility factor for load history Type 2 (with increments of 2A ) tends to be
somewhat higher than that for Type 1 (with 14, increments) for the same effective
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confinement steel ratio. However, since the number of samples in the former case
is small, further study is needed.

3. The load history with 2A  increments is slightly more severe than that with 1A,
increments. The former causes a 30%-40% reduction in the energy dissipation
capacity of columns with low effective confinement steel ratio.
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Abstract

The present study aims to monitoring the variation of the elastic shear modules of clay samples when they
were subject to undrained triaxial compression. The elastic shear modulus was measured using a pair of
bender elements installed at the top cap and pedestal of the triaxial cell. The isotropic consolidation was
conducted step by step so that variation of shear modutus could be determined. It was found that the sheur
modulus measured during this stage complied well to the information found in the literature. The
undrained shearing was carried out at the strain rate of 0.01%/min during which the elastic shear modu!s
were continuously recorded. [t was found that the elastic shear moduli reduced as the pore water pressure
increased (or the mean effective stress decreased) The path of the elastic shear modulus according to the
mean effective stress repeated that obtained during isotropic consolidasion. [t implied the negligible effeut
of the deviator stress. {1 was further observed that sharp deviation from the isotropic elastic modulus fine
occurred at high deviator stress level, This can be used to indicate first localization inside the tested sample
However the information obwined from the present arrangement cannot indent soil focalized being the
location where and properties of soil being localized

Introduction

It is required the elastic stiffness in the elastic-plastic analysis of a soil undergone
shearing. However, most engineers are not paying much attention to the parameter.
Comparing to efforts given in formulating the complicated plasticity partner. It is usually
treated as a constant for the whole analysis. The elastic stiffness has been known to be
functions of several parameters; i.e., effective stress level anisotropy stress condition,
Plasticity index, overconsolidation ratio, and etc. Abundant of researches had been done
on this and its related topics; e.g., Hardin and Drnevich, 1972, Roesler, 1979, Yu and
Richat, 1984, Yan and Byrne, 1991, Jamiolkowski et al. 1991, Tatsuokand shebuya, 1992.
etc. Unfortunately, there have been very limit information on variation of elastic stiffness
during shearing {Tanizawa et al., 1994, Shibuya and Hwang, 1997, Rampello et al., 1997,
Pennington et at., 1997).

This paper aims to address the change of eastic shear modulus of soft Bangkok clay
during undergone undrained triaxial compression.
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Material and testing program

Undisturbed samples of Bangkok clays were collected from two locations as indicated ip
Table 1. The basic physical properties were also summarized. Detall information of
Bangkok clays 1s referred to Bergado et al. (1990). A pair of bender elements was
installed at the top cap And pedestal of triaxial apparatus. Each element protruded 7 mn,
into the tested sample at both ends.
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‘ Fig.l Example of arrival shear wave at the bender element

Test result

The travelling time was determined from the curve such as that shown in Fig. 1. The shear
modulus can then be computed using;
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)

G = pv}
Fig.2 show the variation of elastic shear moduli against the mear effective stress during

1sotropic consolidation. The shear modulus has been nermalized by a function, F(e). w
eliminate the effect of different in void ratio of the sample. The adopted function F(e) is

(2.97 —¢)?

F(e)=
| +e

There Is quite a large scattering of the data points. This is due partly to the effects of
different in plasticity and depth of the samples (Table 1). The effect of plasticity seems to
be conforming well to that reported in the literature.

.[‘Tlflllnl]l 1

10

| I RV RN 9
0.05 0.1 0.15 0.2
Effective confining pressure )pP;3

Fig.2 Variation of elastic shear modulus during isotropic consolidation

The varnation of elastic shear modulus during the samples undergone undrained
compression is addressed in Fig.3 to 5. A line refers to the shear modulus during isotropic
consolidation of each sample. It can be seen that the path of shear modulus against the
mean effective stress during undrained shearing is almost similar to those obtained during
isotropic consolidation. This implies that the effect of the deviator shear stress is very
small and can be neglected. It should be noted that when deviator stress achieved its peak
value, sudden reduction in the measured shear modulus is observed. This was true for all
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samples tested. It is belteved that localization {or discontinuity) in the sample is the maiy,
reason for such drastic reduction of shear modulus.

Conclusions

The elastic shear modulus obtained during undrained triaxial shearing exhibit similar
dependency on the mean effective stress. The path is similar to that obtained druing
isotropic consolidation. The result implied negligible effect of the deviator stress level. I
should be noted the measurement of shear wave propagation velocity can be used 1
detect the formation of any discontinuity inside the sample,
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It is found that the effectiveness of TMD is reduced because of improper phase induced by
yielding of the structure. Moreover, the energy caused by yielding of the structure is much larger than the
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ABSTRACT: This paper proposes the design of semi-active tuned mass damper (STMD) for vibration
control of buildings. To achieve the highest effectiveness, the involved parameters in Linear Quadratic
Optimal Control and a range of adjustable damping are considered. The vibration controls using STMD,

tuned mass damper (TMD) and multi-tuned mass damper (MTMD) are compared. The results reveal that
STMD is the most effective.
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DAMAGE PROTECTION OF HIGH-RISE BUILDINGS SUBJECTED TO EARTHQUAKE
BY TUNED MASS DAMPERS

fnsger Taesser !, nawa Juuda?

' daafSyanTn,  er015d

’ - .
PHINATHUHTIINGIAY ATINKUHTUAY

unfiage: wudu e Wdamgydodiusnmann wu dodln D 1985 437 waWWniu U 1999 dmfudsamn
o wihitReguinafiinrudsifog uafmsimsdnunseioumsiiosiull Tasmmemaimmovotoatsvig
gy Fadhummguilsiino ldan gy @diamnmnindfududnmann
rlu’)iui’:ﬁ'lumsﬁﬂuﬁm11m'i‘lu'h]'ls?\"lu_nw'l'l?u‘:aﬂu"uﬂi'uﬁ'l (Tuned Mass Damper) tRofioafuninidiomg
'ummmsnﬂuﬂ'i'mq?um501”]'lui"lﬁ'eammmﬁ‘aﬁmmuuﬂ'uﬁﬂm TnoldnoufinnefTsunsy  IDARC Faunso
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mm{uuswa-:miuﬁu'lmﬁmnﬁu ifqﬁ':dmu'mnmsQrgl?mmwaanné’amumm?ﬁmmamhqﬂi’uﬁ‘n azmtiy

2 on
VuvoRueiA hysteresis 0 Tnsands

ABSTRACT: Earthquake always follows with serious losses of lives or properties such as in Mexico
(1985), Turkey and Taiwan (1999), Although Thailand is located in low seismicity area, it is worth to
investigate and prepare, especially the preventive measure for high-rise building failure.

This research study considers the feasibility of using Tuned Mass Damper (TMD) for damage
protection of a reinforced concrete building designed only for gravity loads. The IDARC program is
employed to perform the inelastic analysis. The obtained results indicate that tuned mass damper
effectiveness is decreased as the carthquake intensity increased. This is because the detuning effect and
the hysteresis property of structure.

KEYWORDS: Tuned Mass Damper, Damage Analysis, R/C Building

For further details, contact Tospol Pinkaew, fcetpk@eng.chula.ac.th, Chulalongkorn University,
Bangkok, 10330 )
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Editorial

Connections

How well connecred are vou® Do vou know people who can
help vou advance peofessionally or sociallv: The right
connections can be in our
particularly when we are experiencing difniculty or hardship.

incredibly influenual lives,

Connecuons, albeit of a different nature, are also all-important
when it comes 10 2 building forced to survive an earthquake.
This is the primary conclusion reached by a team of Iralian
researchers studying damage to tradinanal buildings after two
damaging earthquakes in [waly in 1277, The buildings, quite
nypical of most in developing counrries, consisted of
unceinforced masonry walls, umber floors and clay tled dmber
roofs,

G. Sarz and his team from the Construcden Department of the
University of Florence studied the damage patterns of seventy-
cight buildings.  Their main conclusion  highlights the
“fundamenzal imporrance of connections as viewed in 2 broad
sense”. In pardcular, they commented on the importance of
tfloor to wall connecdons, and the connectons berween the
outer faces of masonry walls. Of course they observed and
comnented on other damage, such as thac caused by the
window and door penetrations thar reduce wall in-plane

Earthguake Hagard Contre Newsletter, Vold No 1, July 2000

strength as well. But cheir final recommendation is thar the best
way of improving the seismic resistance of existing {and new)
buildings is to improve the effecuveness of connecuons.

These findings should not surprise us. Afterall, a chain snaps at
its weakest link. Cerrainly when compared to the massiveness
and weights of building elements being ted togecher, such as
rocfs, floor, gables, and walls, connecuons are physically small
and inherendy wvulnerable. Overall, seismic performance is
largely dominated by the adequacy of small, usually concealed,
elements like bolts, steel or stone wes.  Performance is
dominated by such details or lack of them.

We, as engineers, architects or contractors need to reaffirm the
imporrance of connecdons. It is quite sobering 10 reflect on
how many factors need considerason in order to design a
satisfactory connecdon. We consider its strength, protecdon
from the elements, construcrability, econemy and availabiliry,
We rmust also check, in the common case of using steel
connectors in conjuncticn with a weak material ke masonry or
stone blocks, that the interface connectons at each ends of the
steel are strong enough to transfer forces into the steel. Finally,
we need to think through what will happen in the probable event
of the connection being overloaded. If at all possible we need
to z2void a brtde failure and achieve some ductdlity. So, even it
the connection is damaged, it can sull funcuon as a te berween
the building elements on either side of it.

Connecuons are not easy to design or build. They deserve
increased attentdon at all phases of design and construcden.
During an earchquake they are far more important than our
human connections.

Earthquake Hazard Centre
The Commonwealth Network for Earthquake -
Resistant Construction in Developing Countries

The Centre is a non-profit organisation supported by the
Commonwealth Science Council. It is based at the School of
Architecture, Victoria University of Weltington, New Zealand.
Director { honorary) and Editor: Andrew Charleson,
ME.{Civil)(Disl), MIPENZ; assistance from Ewan MacMaster, BA:
David Eyles, Graphic Design.

Mzil: Earthquake Hazard Centre, Schoot of Architecture,

PO Box 800, Wellington, New Zealand.

Location: 139 Vivian Street, Wellington.

Phone +64-4-463 6200 Fax +64-44863 6204

E-mail: quake@arch.vuw.ac.nz

The Earthquake Hazard Centre Webpage is at :-
http:/flwww.ehc.arch.vuw.ac.nz

263



significant damage (Fig. 4). This included parual collapse of
external walls, collapse of cornets, separation of the rwo walls
. converging atacorner,and extensive cracking,
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Fig. 3 Damage to short coluumns in an industrial building.

Brick masoncy houses with RC lintel bands or concrete roof
slabs, built In recent years, survived with much less damage.

The exceptions were cases in
which one or two storeys,
supported by an independent
RC frame, were added to the
wop of the masonry house.
This is common in Greece in
order to exrend rhe bnilding
verticaily without demolishing
the old house. Although the
RC structure is sutically
independent of the mascency
building, the slab of first floor
is usually connected to the
masonary walls. In such
“mixed” svstems, severe
damage occurred 1o the walls
of the masonry house, while
the RC strucrure did nor suffec
any damage.

Eig. 4 Partial collapse of o stons
nisonry honse.

An Innovative Hook-Clip for
Performance Improvement of
Reinforced Concrete Tied Columns

Summarsed from a paper presented by Panitan
Lukkunaprasit at the 12" World Conference on
Earthquake Engineering, Auckland, January &
February, 2000.

This paper presents a simple-to-place device, called a “hook-
* clip” Itholds the legs of conventonal 90° hook ties or cross ties
in reinforced concrete columns so as to improve their
performance. The purpose of the hook-clip 1s to prevent
premature opening of the legs of 90° hooks. During the study,
static compression tests on a number of specimens clearly
demonstrated the effectveness of the chips in restraining the
vertical reinforcing bars ar the tie posizons. Use of the clips
resulted in the bars buckling over half the buckling fength of the
specimens without hook-clips. At a large axial strain of 0.04,
columns with hock-clips were able to sustain a loading
comparable to that of columns confined with 135° hook des.
Preliminary test results of a medium size column under cyclic
loading are also presented.

The deficiency of 907 hook des in columns has been seen after
past earthquakes in bridges and reinforced concrete buildings.
Despite their poor performance, 90° hook tes are soll used
extensively worldwide in low to moderare seismic risk regions
because of their ease of placement, when compared with 135°
hooks. Ninery-degree hook ties are even more appealing in
developing countries where the laying of reinforcing bars is
commonly not practsed to an aceeptable standard of precision,
making it exuemely difficult to put 135° hook des in place. In
view of the importance of vertical load resisging members, it is
extremely desirable to have sufficient inherent ductility (to cope
with very rare earthquakes) evenin low seismic risk zones. Itis
also equally imporant to improve the performance of
conventonal crossties with 90° hooks to ensure their
confinement effectiveness in areas of high seismic risk.

To prevent the premature opening of  90° hook wes, a
supplementary tie ot “hook-clip” is provided which holds the

Earthquate Hagard Centre Newsietter, Vol+ No.1, July 2000

-’

legs of the hooks and is embedded in the concrete core. The clip
resists the opening of the tes after the conerete cover spalls off.
Fig. 5 shows the derails of the clip proposed for binding 9mm
diameter ties or smaller. The hook-clip may be emploved o clip
the legs of any hoop e or crosste with 90° hooks (see Fig. 6).
With the clips prefabricated, the clipping operaton can be done
easily on-site. No welding is needed.

TOF VIEW

Fig. 5 Detarlof Hook Clip (all dimensions in rint).

Conventional 90° hook-
ved columns do not
possess sufficient ducdlity
in the

event of an
earthquake. Hook clips
can contribute to
earthquake risk reduction
in low to moderate seismic
risk zones, especially in
l|developing countries
where it is difficult to
change construction
pracuce. The easy-ro-place
hook-clips provide an
- attracrive alternative
| solution, sub ject to
further extensive research
work on their cyclic
performance.

Fig. 6 Column reinforcing cage with book
clipsin p lace.

The author of this paper can be contacted at the Department
of Civil Engineering, Chulalongkorn Universiry, Bangkok
10330, Thailand. Email: Ipanitan(@chula.ac.th
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