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Abstract

This study focuses on framed buildings equipped with hysteretic dampers, and introduces a methodology to estimate the
seismic deformation demand after damper installation. The proposed methodology considers not only structural and
dynamic characteristics of the main frame and dampers, but also input ground motion characteristics. For this purpose, five
building structures with 2, 4, 6, 8 and 10 stories were designed according to the Colombian code, and further converted into
equivalent single-degree-of-freedom (SDOF) system models. Hysteretic dampers with varying mechanical properties were
then installed into the SDOF models. The SDOF models were subjected to a series of 30 input ground motions, which were
modified to represent the seismic intensity given in the Colombian code and to grant certain control over the input energy.
Nonlinear dynamic analyses were carried out, where parameters such as deformation, acceleration, input energy and
hysteretic energy were investigated. The predicted deformation demand obtained from the proposed methodology was
compared with that obtained from the analyses. The methodology was shown to be useful for the preliminary assessment of
the seismic performance of framed buildings with dampers.
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1. Introduction

The increasing need to improve safety of building structures against the destructive force of earthquakes has
triggered non-traditional seismic protection technigques such as base isolation and energy dissipation systems.
These techniques focus on the direct control over the seismic deformation demand to building structures,
reducing therefore the structural and non-structural seismic damage.

Although these systems have been successfully applied to building structures worldwide, the application
in Colombia has been very limited to a few cases. Two of the main reasons of this situation are: (i) an apparent
complexity in the design process (including elaborate analytical models and techniques) together with levels of
uncertainty on the performance of the devices, and (ii) the lack of an appropriate amount of time allocated in
structural design offices for the analysis and design of buildings that incorporate control techniques [1, 2]. In
fact, the later has become a crucial aspect when it comes to propose, to a project owner, the use of a control
technique. In general, a project rarely has enough time for appropriate design process. Therefore, it is relevant
for design practitioners in Colombia to count on simplified methodologies, particularly at the preliminary stage
of the design of a building structure [3].

To date, simplified methodologies such as the use of an equivalent single-degree-of-freedom (SDOF)
system, play an important role in the engineering practice as a tool for the seismic evaluation of building
structures. Several approaches have been reported in the literature for the use of SDOF models [4-7]. Recently,
one of the authors proposed an equivalent SDOF system to represent the behavior of reinforced concrete (R/C)
frame buildings equipped with hysteretic dampers [3, 8, 9]. Unlike commonly used SDOF system models, the
model proposed by Oviedo et al. (2010) [8] takes into account the difference of hysteretic behavior between the
R/C main frame and the damper system.

Hysteretic dampers are one of the most prevalent energy dissipating devices used for the seismic
protection of building structures. These additional structural elements are incorporated into a main frame
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structure to dissipate part of the vibration energy imposed by ground motions, reducing therefore the seismic
demand on the elements of the main frame. Recently, it has been reported a series of efforts aimed at developing
hysteretic dampers in Colombia, as well as introducing and promoting their use in Colombian buildings [10, 11].
These works have certainly gained the attention of the engineering and construction community in Colombia.

Recently, two of the authors studied the behavior of the seismic deformation demand on buildings that
incorporate hysteretic dampers. In their work, an analytical procedure for estimating the deformation demand
after installing dampers was introduced. The procedure stablishes that the input energy imparted to a frame-
damper system is, somehow, proportional to the input energy imparted to the main frame prior to damper
installation. In other words, the seismic input energy after damper installation equals the input energy before
damper installation multiplied by the factor ¢. The factor ¢ represents the variation of the seismic input energy
due to the extent of inelastic response, ground motion characteristics and structural characteristics of the
building. Results showed a reasonably good correlation between the deformation demand obtained from
nonlinear dynamic analysis and the predicted value.

However, two main limitations were reported in the study. The first one has to do with the lack of a
theoretical expression completely independent of the results of dynamic analysis. The second one has to do with
a significant variation in the energy input among the ground motions used for that work; which was mainly
because all source records were modified to match the acceleration design spectrum. Therefore, the present study
extends this previous work by including (i) a better control over the seismic input energy and deformation
demand, (ii) a larger series of ground acceleration records for nonlinear analysis, (iii) an evaluation of the
definition of the factor ¢, and (iv) a practical expression for estimating the seismic deformation demand after
installing dampers to an R/C main frame.

For this purpose, five R/C frame buildings with 2, 4, 6, 8 and 10 stories were studied as representative of
low- to mid-rise building structures. Buildings were designed according to the Colombian seismic code (NSR-
10), and further converted into equivalent SDOF systems according to the methodology proposed by Kuramoto
et al. (2000) [7]. Hysteretic dampers with different mechanical properties were installed into the equivalent
SDOF models, and a series of nonlinear dynamic analyses were performed both on the SDOF systems of the
building without dampers as well as on the buildings after damper installation. A total of 30 input ground
motions were selected and modified to represent the seismic intensity given the Colombian code, and to grant
control over the seismic input energy and deformation demand on the systems. This aspect is very important for
getting adequate and comparable response quantities. After performing the analyses, the behavior of deformation
demand and the definition of the factor ¢ was investigated, and a methodology for predicting the seismic
deformation demand was then proposed.

2. Building Model
2.1 R/C main frame

The five three-dimension moment-resistant, strong-column and weak-beam R/C main frames considered in this
study are shown in Fig.1. The vertical load (dead + live) per unit area is assumed to be the same for all stories
with a typical floor load of 9.61 kN/m?. The vertical load for the roof, however, was set to 7.75 kN/m?. Prior to
damper installation, the structural design of all five buildings was established based on the current Colombian
seismic code NSR-10 [12]. Details of the structural design and design parameters of the studied buildings can be
found in [10]. Table 1 summarizes the structural and dynamic characteristics of the R/C main frames.
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Fig. 1 — Elevation of the studied R/C main frames

Table 1 — Structural properties of R/C main frames

Beams Columns
. Total height Period Weight | Crosssection | Concrete Strength | Cross Section | Concrete Strength
#stories (m) (seg) (kN) (cm) MPa (cm) MPa
2 6.60 0.44 4085 30x35 21 40x40 21
4 13.20 0.73 9720 40x40 21 45x45 28
6 19.80 0.87 16458 40x45 21 60x60 28
8 26.40 1.03 23977 40x50 21 70x70 28
10 33.00 1.19 36464 40x50 21 100x100 28

2.2 Conversion of the R/C main frame into an equivalent SDOF system

The five buildings described in the previous section are converted into equivalent SDOF systems models
according the methodology proposed by Kuramoto [7]. Table 2 summarizes the structural and dynamic
characteristics of the five SDOF models. These five models are later used for nonlinear dynamic analyses to
serve as a reference point for comparison with the response of the buildings with dampers.

Table 2 — Structural properties of the SDOF systems for the R/C main frames

# Stories | W (kN) | Period T (s) | Q¢ (kN) | Agc (cm) | Qg (kN) | Af (cm)
2 3532 0.41 263 0.31 967 2.26
4 7984 0.70 529 0.81 1645 5.37
6 13048 0.78 665 0.77 2608 7.18
8 18680 0.84 891 0.83 3633 8.11
10 26788 0.97 991 0.86 4371 8.47

2.3 Damper system

Hysteretic dampers are then incorporated into the SDOF system models that represent the R/C main frames. The
restoring force characteristics of the entire system (R/C main frame + dampers) is then idealized as the
combination of two springs connected in parallel, as shown in Fig.2. Here, Qs, Qg and Qpy are the yield shear
strength of the entire system, R/C main frame and damper system, respectively. Aec, Ary, Apy, Amax, He, Ho are the

3



16™ World Conference on Earthquake, 16WCEE 2017

cracking story drift, the yield story drift of the R/C main frame, the yield story drift of the damper system, the
maximum story drift, the ductility of the R/C main frame and the ductility of the damper system, respectively. a
and p define the shear at the cracking point Qg and the equivalent stiffness K¢, for the R/C main frame,
respectively.
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Fig. 3 — SDOF system model for an R/C main frame with a damper system: (a) schematic configuration and (b)
restoring force characteristics (taken from [7])

The structural characteristics of the damper system, i.e., yield strength and stiffness, are assumed to be
proportional to those of the R/C main frame. To determine the yield strength Qpy and the stiffness Kp of the
damper system, the damper strength ratio B (hereafter the strength ratio) and the damper yield drift ratio v
(hereafter the drift ratio) are used. Thus, referring to Fig.3, Qpy, Qrv, Ary and Apy are related by:

Qs = Qpy + Qpy 1)
QDy = BQFy 2
Apy= VAgy 3)

To define the restoring force characteristics of the SDOF model for an entire system, the value of v was
varied from 0.1 to 1.0 with an interval of 0.1, and the value of B varied from 0.1 to 0.9 with an interval of 0.1.
Finally, the elastic stiffness of the dampers system Ky, is determined by:

Kp = QDy/ A (4)

Dy

With damper installation, the total stiffness and strength of the entire system are increased, and the
dynamic properties are then modified. Eq. (5) represents the value of the natural period of the entire system T as
a function of B, p, v, and the natural period of the R/C main frame T,. Fig.4 shows the variation of the natural
period T of analyzed models after installing hysteretic dampers, and Fig. 5 shows the variation of the stiffness of
the entire system Ks. In general, it can be seen that the natural period shortens with increasing values of 3 and
decreasing values of v.

1
T=T, |—5 (®)

1+p;
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Fig. 4 — Variation of natural period of analyzed SDOF models with respect to 8 and v
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Fig. 5 — Variation of total stiffness of analyzed SDOF models with respect to 3 and v

3. Earthquake Response Analysis
3.1 Input ground motions

The input ground motions used for the nonlinear time-history analyses are summarized in Table 3. All source
records represent near-fault type earthquakes, categorized within a type C soil (dense soils or soft rock -
360m/s < Vszo < 760m/s, where Vs;q is the average shear wave velocity down to a depth of 30 m)
according to NSR-10. Thus, all records have an epicentral distance of no more than 20 km, and present single
velocity pulses of significant amplitude. All acceleration records were obtained from the Pacific Earthquake
Engineering Research Center (PEER) website. In Table 3, the Arias Intensity is also shown [13].

As mentioned earlier, unlike the previous work done by two of the authors, this study considers a better
control over the input energy imparted to the buildings. This is achieved by modifying the source records so that
the response spectrum of a source record matches the design velocity spectrum given in the Colombian code.
The use of a design velocity spectrum instead of the design acceleration spectrum, leads to a relative uniform
energy input among all modified records. Fig.6 shows the velocity spectra and the energy spectra as an
equivalent velocity Ve, It can be seen a relative small variation of the input energy. These 30 modified records
are then grouped into Case | records.
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Table 3 — Source input ground motions

Original Record Modified Record, Case Il
ID Event Year Station Magnitude | PGA (cm/s2) | PGV (cm/s) [ 1A (cm/s)| PGA (cm/s2) | PGV (cm/s) | IA (cm/s)
33-1 Parkfield 1966 Temblor pre-1969 6.19 352 21 45 232 41 103
33-2 Parkfield 1966 Temblor pre-1969 6.19 264 15 31 268 39 143
50-1 | LytleCreek [1970| Wrightwood-6074 Park Dr 5.33 158 10 13 382 49 102
50-2 Lytle Creek |1970| Wrightwood-6074 Park Dr 5.33 197 10 15 232 59 132
71-1 | San Fernando (1971 Lake Hughes #12 6.61 356 15 93 270 49 107
71-2 | SanFernando |1971 Lake Hughes #12 6.61 278 12 78 295 39 108
106-1| Oroville-01 |1975 | Oroville Seismograph Station 5.89 90 4 4 284 60 99
107-1| Oroville-02 |1975 Oroville Airport 4.79 36 3 0 210 71 111
107-2| Oroville-02 |1975 Oroville Airport 4.79 15 2 0 262 50 95
109-1| Oroville-04 [1975 Medical Center 4.37 77 3 1 291 59 90
109-2| Oroville-04 [1975 Medical Center 4.37 43 2 1 268 65 93
110-1| Oroville-04 |1975 Oroville Airport 4.37 20 2 0 272 62 95
110-2| Oroville-04 [1975 Oroville Airport 4.37 23 1 0 298 33 89
113-1| Oroville-03 [1975 DWR Garage 4.7 138 1 3 295 56 98
113-2| Oroville-03 |1975 DWR Garage 4.7 206 2 13 330 68 101
114-1| Oroville-03 |1975 Duffy Residence (OR5) 4.7 83 2 2 309 65 88
114-2] Oroville-03 1975 Duffy Residence (OR5) 4.7 60 2 2 308 68 94
115-1| Oroville-03 [1975 Johnson Ranch 4.7 188 4 13 404 62 105
115-2( Oroville-03 [1975 Johnson Ranch 4.7 94 2 5 245 58 113
116-2| Oroville-03 [1975 Nelson Ranch (OR7) 4.7 112 2 3 261 61 103
117-2| Oroville-03 [1975 Oroville Airport 4.7 45 1 1 247 55 106
120-2| Oroville-03 [1975 Up & Down Cafe (OR1) 4.7 149 4 5 315 59 96
125-1] Friuli-Italy-01|1976 Tolmezzo 6.5 345 22 78 239 82 105
125-2| Friuli-Italy-01|1976 Tolmezzo 6.5 309 31 120 232 44 102
132-1| Friuli-1taly-02 | 1976 Forgaria Cornino 5.91 254 9 29 206 55 106
132-2 | Friuli-Italy-02 | 1976 Forgaria Cornino 5.91 208 10 37 178 48 102
145-1] Coyote Lake |1979| Coyote Lake Dam (SW Abut) 5.74 155 11 19 251 39 110
145-2 Coyote Lake [1979| Coyote Lake Dam (SW Abut) 5.74 274 20 36 306 75 120
150-1| Coyote Lake |1979 Gilroy Array #6 5.74 427 49 77 391 81 114
150-2| Coyote Lake 1979 Gilroy Array #6 5.74 310 25 68 356 63 96

Another group of modified records was also studied. Case Il ground motions include 30 records modified
to match a design energy spectrum. Since the Colombian code does not consider this design spectrum, a design
energy spectrum was then obtained through the velocity design spectrum of the Colombian code. More details
on the assumed design energy spectrum can be found in [14]. Fig.7 shows the velocity and energy spectra of the
Case Il records (dashed line indicates the target design spectrum). It is clear after comparing Case | and Case 1l
response spectra that Case Il records grant less variation of the input energy, and therefore, a more uniform
deformation demand can be expected among all 30 records. Consequently, the Case Il records were used for the
nonlinear dynamic analyses. Table 3 also lists some characteristics of the modified records of the Case Il
motions.
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Fig. 6 — Response spectra of Case I records. Left: velocity spectra. Right: energy spectra
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Fig. 7 — Response spectra of Case Il records. Left: velocity spectra. Right: energy spectra

3.2 Nonlinear dynamic analysis

In the numerical analyses of the SDOF systems, a 2-spring SDOF model with the degrading trilinear Takeda
model to represent the hysteretic behavior of the R/C main frame and with a bilinear model to represent dampers
was used. Damping ratio of 3% of the critical, integration time step of 0.005 s, and a post-elastic stiffhess ratio of
0.01 was assumed in all analyses. The series of analyses correspond to the following cases: (1) five numbers of
stories (n=2, 4, 6, 8, 10), (2) nine strength ratios (f= 0.1 to 0.9), (3) ten drift ratios (v= 0.1 to 1.0), and (4) the 30
modified input ground motions listed in Table 3. In total more than 27,300 analyses were performed.

4. Prediction of Deformation Demand

According to previous studies [10, 14], the prediction of the seismic deformation demand after installing
dampers to an R/C building structure is based on the premise that the input energy imparted to the entire system
(R/C main frame + dampers) equals the input energy imparted to the R/C main frame multiplied by a factor ¢
(see Eq. (6)) The factor ¢ represents the variation in the seismic input energy with damper installation. As shown
in previous works [10], the input energy might vary due to the change of strength, stiffness and natural period
after damper installation, as well as to the extent of inelastic response and ground motion characteristics.

Eio = @E; (6)
Where, E; and Ej, stand for the input energy of the entire system and the input energy of the R/C main

frame, respectively. Then, assuming that the total input energy is dissipated only by the hysteretic energy work,
Eqg. (6) can be rewritten as in Eq. (7). Here, Exr, Enro and Eyp stand for the hysteretic energy of the R/C main

7



16™ World Conference on Earthquake, 16WCEE 2017

frame after damper installation, hysteretic energy of the R/C main frame before dampers, and hysteretic energy
of the damper system.

Enro = @(Eyr + Enp) (7)

Moreover, this hysteretic energy can be obtained from the work of the entire system under monotonically
increasing loads, as shown in Fig.8. In other words, the hysteretic energy is obtained through the area under the
force-deformation curve. Here, it is important to note that the relationship depicted in Fig.8 is only a reasonable
approximation of the comparative behavior of the energy absorbed by the interaction of the two systems (R/C
main frame and dampers). Thus, since no time-depending response factors can be considered, the use of the
factor @ is needed. In Fig.8, Amax and A'nax Stands for the maximum deformation of the R/C main frame and the
maximum deformation of the entire system after damper installation, respectively.
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Fig. 8 — Force-deformation monotonic curve: (a) without dampers and (b) with dampers

From Fig.8 two cases apply: Case (1) applies when both the R/C main frame and the damper system
behave inelastically (A'max > Ary and A'max > Apy), and Case (2) applies when only the damper system is in the
inelastic range (A'max > Apy). Therefore, Eq. (7) can be rewritten, depending on the previous cases, as:

For Case (1)

A'max _ 1 v (1-@)(a—ap—1) (8 1)
Amax  @(1+B) = 2upo (1+PB) 2 upo @ (1+B) '

For Case (2)

A'max\? A'max
A(Amax) + B(Amax)+ C=0 (82)
where,
1_
A= QW (8.2.1)
1-a 1-a
B=¢ (1 e +a—ap Top + ZB) (8.2.2)
_ 1 1-a _ o
C= (o0 (‘P 1w P 1) ~ 2o —a— @B +1) (8.2.3)
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Thus, the series of equations above presented are used for the prediction of the maximum deformation
demand A'y.x after installing dampers to an R/C main frame. It is important to note that a reasonable estimate of
the response of the R/C main frame subjected to a ground motion prior to damper installation is needed for
predicting A'nax. In practical terms, one can predict a possible reduction in the deformation demand once
dampers are installed with certain mechanical characteristics, depending on the values of § and v. However, as
suggested by the series of Egs. (8), the value of the factor o is still needed.

4.1 Evaluation of the factor ¢

As previously mentioned, the value of factor ¢ is needed for the prediction of A’y and depends on structural,
dynamic and ground motions parameters. To solve this issue, the behavior of the factor ¢ was investigated
through both the variation of the input energy and the variation of the hysteretic energy. The top row of Fig.9
depicts the relationship between the exact value of ¢ (hereafter ) obtained from the results of the nonlinear
analyses through Eq. (6) and the value of ¢ required to satisfy the series of Egs. (8) (hereafter ¢.). On the other
hand, the bottom row of Fig.9 depicts the relationship between o, obtained through Eqg. (7) and the value of
Qreq- The value of @ can be readily calculated now that both Apax and A'nax are known from the analyses. Fig.9
clearly indicates that it is rather complicated to stablish an adequate correlation between both factors, no matter
the definition used for determining the value of ¢.

Another aspect to consider is the evaluation of ¢.a. At the preliminary stage of a structural design of a
building structure equipped with dampers, it is not possible to determine the value of @nq Unless several
nonlinear analyses are performed. Therefore, a theoretical value for o, (hereafter ¢we,) and a correlation
between the two factors is needed. Gémez [14] studied different expressions for input energy evaluation
proposed in the literature, and showed that the equation proposed by Housner [15] led to a better correlation,
compared to other definitions. Further details can be found in [14]. On the other hand, a theoretical value for @req
seems not available through hysteretic energy variation, as in Eq. (7).

4.2 Simplified prediction

From the results of the previous section, it was concluded that a proper expression for the factor ¢ is somehow
complicated to achieve. It was also concluded that determining the value of ¢ from the input energy or hysteretic
energy has a major issue: there is a significant difference between the behavior of both input and hysteretic
energy and the behavior depicted in Fig.8 due to nature of loading. Moreover, both cases lack a proper
theoretical value which one can use in the preliminary stage of a structural design. Thus, after identifying other
directions for solving the issue of the factor o, a simplified prediction is then presented.

Eqg. (7) can be rewritten as in Eg. (9) by using the areas under the force-deformation curve in Fig. 8. Here,
Ar, Ar and Ap stand for the absorbed energy by the R/C main frame after damper installation, absorbed energy
by the R/C main frame before dampers, and the absorbed energy by the damper system.

Ago = Ap+ Ap %)

Fig.10 shows the relationship between A'nax / Amax @nd T / T for the series of ground motions of Table 4.
The data shown in Fig.10 correspond to average values among all ground motions. It can be seen that there is a
tendency of decreasing A'max / Amax With the decrease of T / T,. Thus, the result obtained through either the Eqg.
(8.1) or (8.2), with the value of ¢ set to unity, is then affected according to Eq. (10) to serve as a correction
factor. This is:

s (1) (82, a0
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It is worth noting that a reasonable estimate of the response of the R/C main frame subjected to a ground
motion prior to damper installation is needed for predicting A'nax. In other words, a reasonable estimate of g is
needed. To solve this issue, and based on the well-known equal displacement rule, the value of g in Egs. (8)
can be approximated using a design spectrum (Sq or S,) as:
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Fig. 9 — Relationship between s and @rq. TOp row: value of ¢, obtained through Eq.(6). Bottom row:

value of @, Obtained through Eq.(7)

Fig.11 shows the correlation between the exact value of A'.x / Amax Obtained from the nonlinear analyses
and the predicted value obtained from Egs. (8) and (10) (dashed line indicates £20%); here, the value of ug, was
determined using the Eq. (11). Values shown in Fig.11 correspond to analysis cases with < 0.5 and v< 1.0
according to previous studies which show that dampers are more effective within this range [3, 10, 16]. It can be
clearly observed that the simplified methodology leads to predictions that can be used in the design practice for
the case of SDOF systems.
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It is worth noting that this methodology has been proven useful for the case of an equivalent SDOF system
that represents the behavior of a whole R/C building equipped with dampers. On the other hand, with regards to
estimating the story drift demand on MDOF systems, the authors are working on this issue through the series of
Egs. (8) and the methodology proposed by Oviedo et al. (2010, 2011) [3, 8].

5. Conclusions

The behavior of deformation demand on R/C frame buildings with hysteretic dampers was investigated and a
methodology for predicting the seismic deformation demand was presented. Based on the results of nonlinear
dynamic analyses on equivalent SDOF systems, it is concluded that the proposed methodology for predicting the
seismic deformation demand after installing dampers into an R/C main frame leads to adequate estimates that
can be used by design practitioners at the preliminary design stage. With this estimate, the designer can then set
the mechanical properties of dampers required to achieve a desired structural performance. Finally, the
methodology herein proposed is expected to contribute to ongoing efforts for the seismic response control of
building structures with hysteretic dampers, and to encourage the use of hysteretic dampers in Colombia.
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