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ABSTRACT

A steel damper column using low-yield strength steel is an attractive choice for the seismic retrofitting
of existing buildings because it does not introduce architectural problems, unlike braces and walls. In a
seismic retrofit design using a steel damper column, the design of the connection joint between the
damper column and the existing concrete member is very important. The designer needs to evaluate
the maximum shear force and moment of the joint, in addition to the peak storey drift and member
forces. In this study, the nonlinear peak response of a retrofitted nine-storey steel reinforced concrete
building with steel damper columns was analytically investigated. A steel damper column was added
on the side of the exterior frame by connection joint, using mortar, anchors, and studs. The peak
response was predicted using nonlinear static (pushover) analysis, the peak storey drift, and the
maximum moment and shear force at the connection joint, and the results were compared with the
results obtained by nonlinear time-history analysis. Thus, it was revealed that the predicted peak storey
drift, the maximum shear force, and moment at the connection joint are in good agreement with the
time-history analysis results. The largest shear force of the anchor in the connection joint was also
evaluated and compared with the time-history analysis results.

Keywords: seismic retrofit, existing steel reinforced concrete building, steel damper column,
equivalent linearization technique, pushover analysis.

1 INTRODUCTION

The seismic retrofitting of existing buildings is important in most seismically active regions.
In Japan, the seismic evaluation and retrofitting of existing reinforced concrete (RC) and steel
reinforced concrete (SRC) buildings, and particularly that of public buildings including
school buildings and government offices, has accelerated since the 1995 Hyogo-Ken Nanbu
Earthquake. Although, in Japan, the seismic evaluation and retrofitting of school buildings
have almost been completed, there still exist many condominiums and office buildings that
are designed in accordance with the old seismic design code.

In recent years, many studies have been conducted on passive control systems for the
seismic retrofitting of existing RC buildings [1]-[3] and the seismic design of new RC
buildings [4]. A popular system is the buckling-restrained brace (BRB) system, which uses
low-yield-strength steel. BRBs are undoubtedly effective in the seismic retrofitting of RC
buildings because the structural system is clear; that is, the deformation of braces equals the
shear deformation of the existing RC frame. However, the application of BRBs to the seismic
retrofitting of existing buildings may introduce architectural problems. For example, in the
case of the seismic retrofit of a condominium, installing BRBs in front of a balcony may
obstruct the view from the living space window. Therefore, the use of a damper column with
a shear panel [5] may be an attractive choice for the seismic retrofitting of existing
condominiums and office buildings. In the damper column, shown in Fig. 1(a), low-yield-
strength steel was used for the shear panel to absorb the hysteresis energy. One possible
scheme for the seismic retrofitting of a concrete office building with a steel damper column
involves a direct connection to the side of exterior frame [6], as shown in Fig. 1(b). The
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details of the additional steel damper column connection to the existing concrete structure
are shown in Fig. 2. An additional steel damper column is connected to an existing concrete
structure through the joint using mortar, anchors and studs. Another possible scheme for a
condominium with a balcony involves adding a new steel frame to the side of the balcony,
as has been demonstrated by a previous study [3].
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Figure 1:  The seismic retrofit of an existing concrete office building using steel damper
columns.
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Figure 2:  Detail of the connection of an additional steel damper column to an existing RC
structure.

In seismic retrofit design using a steel damper column, the design of the connection joint
between the damper column and the existing concrete member is very important. The
designer needs to evaluate the maximum shear force and moment of the joint, in addition to
the peak storey drift and member forces. In this study, the nonlinear peak response of a
retrofitted nine-storey SRC building with steel damper columns was analytically investigated.
The peak response of the retrofitted building was predicted through a previously proposed
simplified procedure [3]. The predicted peak storey drift, maximum shear force and moment
of the connection joint were compared with the time-history analysis results.
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2 OUTLINE OF A SIMPLIFIED PROCEDURE

The authors have proposed a simplified procedure to predict the peak response of retrofitted
buildings using steel damper columns with consideration to the strain hardening effect [3].
In the abovementioned simplified procedure, the strain hardening effect is considered by
using two models; namely, the lower-bound (LB) model and the upper bound model. In the
LB model, the yielding strength of the damper panel is assumed to be the LB yielding strength
QyoL, which corresponds to the initial yielding strength before the strain hardening. In the UB
model, the yielding strength of the damper panel is assumed to be the UB yielding strength
Qybu, which corresponds to the yielding strength after an appreciable amount of cyclic
loading. The predicted peak response of each component is determined from the envelope of
the prediction results obtained by the LB and UB models. The simplified procedure is
outlined as follows:

e Step 1: Construct two nonlinear frame structure models, namely the LB model and the
UB model.

e Step 2: Carry out pushover analysis of the LB model. Then determine the following
properties of the equivalent single-degree-of-freedom (SDOF) model based on the
pushover analysis results: (a) the relationship between the equivalent acceleration A;" and
the equivalent displacement D" (capacity curve); (b) the relationship between the
equivalent damping hjeq and D;".

e Step 3: Predict the peak equivalent displacement Di"m.x employing the equivalent
linearization [7].

e Step 4: From the results obtained in STEPS 2 and 3, obtain the peak response for each
component (e.g., the peak storey drift, peak shear deformation and force of the damper
panel) by referring to the pushover analysis result corresponding to D;"nax. The maximum
response occurring until the equivalent displacement reaches D" may is the predicted peak
response of each component obtained from the LB model.

e Step 5: Repeat STEPS 2 to 4 to obtain the peak response of the UB model.

e Step 6: Determine the predicted peak response of each component from the LB and UB
models’ envelope of predicted peak responses.

The details of the simplified procedure have been discussed in a previous paper [3].
3 BUILDING AND GROUND MOTION DATA
3.1 Building data

This study investigated a nine-storey steel reinforced concrete office building model designed
in accordance with the pre-1981 seismic code of Japan. Fig. 3 shows the building model
considered in this study. Because the plan of this building is symmetric, only two frames
(frame Y1 and Y2) were analysed. Additional shear reinforcement through carbon fibre was
assumed to have been properly provided to the existing members shown in frame Y1 to
prevent shear failure. The model without an additional steel damper column is termed as
Model-O, and had a base shear coefficient of 0.224. Two retrofitted building models, namely,
Model-D100 and Model-D225, were considered in this study. The two models were different
with respect to the steel damper column. The parameters of the steel damper column for each
model are presented in Table 1. The thickness of the damper panel is denoted as tg, the
assumed initial nominal yield stress is denoted as oy, the assumed nominal yield stress after
appreciable cyclic loading, oyu, the initial shear yield strength is denoted as Qypi, and the
shear yield strength after an appreciable amount of cyclic loading is denoted as Qypu. In both
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retrofitted building models, a steel damper column was added in each storey shown in Fig.
3(b). The ratio of QypL to the total weight of the structure was 0.033 for Model-D100, and

0.054 for Model-D225.
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Figure 3: Building model.

Table 1: Steel damper column parameters for each model.

Damper Panel
Model H-Section Column | t4 oyL oyu Qo | Qyou
(mm) | N/mm?) | (N/mm?) | (kN) | (kN)
Model-D100 9.0 100 200 382 764
Model-D22s |1 /20x230x14x28 =105 300 | 618 | 824

Fig. 4 shows the detail of the connection joint. In this study, the size of the anchor is
assumed as D16 (shear strength ga = 64kN). The number of anchors was determined such
that the shear force of the outermost anchor q did not exceed the shear strength ga, by
considering the design moment of the connection joint, Mp, as follows:

f

a

JLA+LA M
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Figure 4: Detail of connection joint.

In this study, the same connection joints were assumed for both models. The design
moment of joint Mjp was assumed 1990 kNm (= 0.7 x 824 kN x 3.45 m) for the basement,
and as 1380 kNm (= 0.5 x 824 kN x 3.35 m) elsewhere.

3.2 Modelling of building structures

Fig. 5 shows the numerical modelling of the building structures, while Figs 6 and 7 show the
force-deformation relationship for each member (envelopes in Fig. 6; hysteresis rules in Fig.

7).
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Figure 5: Numerical modelling of building structure.
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Figure 6: Envelope of force—deformation relationship.
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Figure 7: Hysteresis rule for each member.

In this study, the building was modelled as a plane frame model. Frames Y1 and Y2 were
connected through the rigid slab. All existing beams and columns were modelled as an elastic
beam/column with a nonlinear flexural spring at each end, except beam with the horizontal
roller. The flexural and shear deformations were considered in the elastic beam, while the
flexural, shear and axial deformations are considered in the elastic column. The rigid zone
was considered in the existing members, and particularly in the case of Models D100 and
D225. The rigid zone length of all beams in Frame Y1 was assumed as the same length as Lx
shown in Fig. 4, with consideration to the additional steel beam. The joint of the additional
steel damper column connection to the existing frame was modelled as a linear rotational
spring, and its stiffness was calculated as:

K, = N.k.r,>. @)

Here, ka is the elastic shear stiffness of the connection joint per number of anchors and
was assumed 250MN/m, based on the experimental results in [6]. The damper column was
modelled as an elastic column with a damper panel in the middle. The flexural behaviour of
damper panel was assumed to be linear elastic, and the shear behaviour was assumed to be
nonlinear. The height of damper panel is assumed 0.75m.

For all members, the force-deformation relationship envelopes were assumed to be
symmetric in the positive and negative loading directions. For the existing SRC members,
the envelope was assumed to be the tri-linear curve shown in Fig. 6(a). At yielding, the ratio
of secant stiffness degradation to the initial stiffness oy was assumed 0.10 for the beams with
spandrel wall based on Takahashi et al. [8], For the other beams, ¢ was assumed as 0.25. To
determine the tri-linear curve for the columns, the rotational angle at yielding & was assumed
in the range between 1/250 and 1/150, depending on each column’s clear height to depth ratio
Ho/D. The bi-linear envelopes shown in Fig. 6(b) were assumed for the shear behaviour of
the damper columns (in the LB/UB models). The Muto hysteresis model [9] with one
modification was used to model the nonlinear flexural spring, as shown in Fig. 7(a). The
hysteresis model proposed by Ono and Kaneko [10] was used to model the shear behaviour
of the damper columns with consideration to the strain-hardening behaviour for the nonlinear
time-history analysis, as shown in Fig. 7(b). Parameter o was assumed as 0.005 for Model-
D100 and as 0.022 for Model-D225, while parameter 3 is assumed 0.013 for both models.
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Note that, for the nonlinear time-history analysis, the initial yield strength of the damper
panel shown in Fig. 7(b) was assumed to be Qyp. while the UB yield strength was assumed
to be QyDU-

The damping matrix was assumed to be proportional to the instant stiffness matrix without
a damper column. The damping ratio of the elastic first mode of the model without a damper
column was assumed to as 0.05.

3.3 Ground motion data

Fig. 8 shows the elastic response spectra of the artificial ground motions used in this study.
Twelve artificial ground motions generated in a previous study (Art-L0O to 11 in [3]) were
used to conduct the nonlinear time-history analysis. The target elastic spectrum was the
design spectrum determined from the Building Standard Law of Japan [11] with
consideration to the type-1 soil condition. The horizontal major component of Sendai
Government Office building #2, which was recorded during the 2011 earthquake off the
Pacific coast of Tohoku [12], was used as the source of phase angle of the artificial ground
motions.
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Figure 8: Elastic response spectra of artificial ground motions

4 ANALYSIS RESULTS
4.1 Prediction of peak response in simplified procedure

Fig. 9 shows the prediction of the peak equivalent displacement D;" s for all models. As
expected, the comparison results revealed that the predicted peak response of the model
building was effectively reduced with the addition of dampers. The predicted D;"max for
Model-O was 0.220 m, while the values for the models with dampers were within the range
0f0.144-0.151 m.

4.2 Comparison results obtained from the nonlinear time-history analysis and simplified
procedure

4.2.1 Peak storey drift

Fig. 10 shows the comparisons of the peak storey drift Rmax, which were obtained from the
nonlinear time-history analysis and simplified procedure, respectively. As can be seen, the
predicted Rmax is in good agreement with the time-history analysis results. Fig. 10(b) and (¢)
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Figure 9: Prediction of the peak equivalent displacement.

also show that, for the models with dampers, the predicted (envelope) Ruax for the part of the
structure between the fifth to seventh stories was determined from the result obtained by the
LB model. Moreover, the predicted (envelope) Ruax for the other part of the structure was
determined from the result obtained from the UB model. This implies that it was reasonable
to use of two models (LB and UB models) to predict the peak response.

Average @ --------- Max. — Min.
m LB Model o UB Model o) Predicted
9 1 1 T 1 I 1 T 1 1 J_
8 -
7 —
> 6 _
2 5 —
D 4 _
3 -
2 -]
TH e v iy HE Hoe . 94" 1,000 1
0 1 2 0 1 20 1 2

RI‘HEIX (O/D) R!’T]E{X (%) RITIHX (D/O)

(a) Model-O (b) Model-D100 (c) Model-D225

Figure 10: Comparisons of peak storey drift.

4.2.2 Maximum shear force and moment of connection joint

Fig. 11 shows the comparison results for the maximum shear force at the connection joint
Qimax, Which were obtained from the nonlinear time-history analysis and simplified procedure.
In this study, Qumax Was obtained as the maximum shear force of each steel damper column.
As shown in Fig. 11(a), the Qumax prediction was conservative for Model-D100, because the
results obtained from the time-history analysis lie between the results obtained from the LB
and UB models, except for the eighth and ninth floor of column X1. However, for Model-
D225 shown in Fig. 11(b), the predicted Qumax agrees with the nonlinear time-history analysis
results, with the exception of the upper floors.
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Figure 11: Comparisons of maximum shear force at connection joint.

Fig. 12 shows the comparison results for the maximum moment at the connection joint
Mimax, Which were obtained by the nonlinear time-history analysis and simplified procedure.
As shown in Fig. 12, the Mymax prediction is conservative for Model-D100 (Fig. 12(a)).
However, for Model-D225 shown in Fig. 12(b), the predicted Mjmax agrees with the nonlinear
time-history analysis results.
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Figure 12: Comparisons of maximum moment at connection joint.

For most of the connection joint, the Qimax and Mimax were predicted from the results of
the UB model. However, the Mynax at the basement of column X1, top of column X2 of the
eighth storey, and bottom of column X1 of the ninth storey were predicted from the result
obtained by the LB model.
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4.2.3 Largest shear force of anchor in connection joint

Fig. 13 shows the comparison results of obtained by the nonlinear time-history analysis and
simplified procedure for the largest shear force of anchor in connection joint Qmax. In this
figure, the shear strength of the D16 anchor (s (= 64kN) is also shown. Moreover, in this
study, Qmax 1S calculated from Qymax and Mymax, as follows:

2 2
1 L, L
qmax =N_a\/(QJmax+rJ_2MJmaxJ +{(]_>;M3maxj . (3)

As shown in Fig. 13(a), the Omax prediction is conservative for Model-D100, except for
the eighth and ninth floor of column X1. However, for Model-D225 shown in Fig. 13(b), the
predicted Omax agrees with the nonlinear time-history analysis results, with exception of the
upper floors. This figure also shows that, in all connection joints, Qmax Was smaller than the
shear strength. Therefore, it was expected that all steel damper columns would be properly
connected to the existing structure by the joint shown in Fig. 4.
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Figure 13: Comparisons of largest shear force for anchor in connection joint.

5 CONCLUSIONS

In this study, the nonlinear peak response of a retrofitted nine-storey SRC building with steel
damper columns was analytically investigated. The peak response of the retrofitted building
was predicted through a previously proposed the simplified procedure [3], and the obtained
results were compared with the results obtained by nonlinear time-history analysis.

The comparison results revealed that the simplified procedure could satisfactorily estimate
the peak response. The largest shear force of the anchor in the connection joint was also
properly estimated through the simplified procedure.
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