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Abstract - Because of their lack of lateral force resistance or energy dissipation capability, reinforced concrete (RC) structures have
suffered significant damage in previous earthquakes. There is a demand to develop and improve the seismic performance of vulnerable
existing RC buildings, particularly those not initially designed for seismic events or designed to an outdated seismic standard. Seismic
retrofit of RC buildings using friction dampers is an innovative method to improve the seismic performance of the structures. In this
study, nonlinear response history analysis was performed to investigate and compare the seismic performance of retrofitted buildings.
The numerical results suggest that the maximum displacement was substantially improved after retrofitting the existing RC building with
friction dampers. The damage concentration of the retrofitted buildings with friction dampers is reduced significantly when compared to
the existing RC buildings.
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1. Introduction

Many old-reinforced concrete (RC) structures were destroyed in recent earthquakes because they lacked suitable lateral
force resisting systems, as learned from previous earthquakes [1-5]. Demolition of seismically unstable existing buildings
and replacement with new construction is an option based on these criteria [6-7], but it is generally time-consuming and
costly. Furthermore, when the number of schools or hospitals in a rural area is limited, rebuilding incurs additional
expenditures because there may be few other options for providing education or medical care. As a result, historic RC
structures that were either not equipped for seismic effects or were built to outdated seismic requirements must be updated.
In order to ensure that the retrofitted RC building can withstand future earthquakes, new seismic design criteria are frequently
referred to for seismic retrofit design.

The installation of RC walls [6], the addition of traditional steel bracing [7], and the wrapping of the RC columns with
carbon fiber reinforced polymers (CFRPs) are some of the most often utilized retrofit methods for RC frames to enhance the
lateral force capacity [8]. Because the braces may be prefabricated and the weight of the braces is less than the weight of the
new structural walls, the traditional braced frame method has proven to be advantageous [7].

For an innovative method, the installation of energy-dissipation devices such as buckling-restrained braces (BRB) [9-
15], viscous dampers [16-17], and friction dampers [24-30] are innovative approaches for improving the seismic performance
of RC structures. Friction dampers (FD) offer a promising alternative, as they provide significant energy-dissipation from
smaller story drift [18-22] at a relatively low cost, and are easy to install and maintain [2]. Friction dampers may be employed
as braces, in rocking walls, or at beam ends, as in the sliding hinge joint (SHJ) for steel moment frames [24-26]. Friction
brace dampers, in particular, affect the dynamic response by increasing stiffness and damping.

The seismic design method is based on the constant drift method (CD method) under the same target story drift ratio of
0.5% rad. Nonlinear response history analysis was performed to investigate and compare the damage concentration in seismic
retrofit RC building with friction dampers.

2. Seismic retrofit design concept

Because the approach is successful in controlling the maximum story drift ratio below and near to the set target story
drift ratio without iterative methods, this study chooses to expand the constant drift (CD) method [11-12, 18] to design the
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requirement for energy-dissipation devices. The following is a quick step-by-step overview of the suggested design
technique procedure:

1. Fit the roof displacement - base shear relationship to a trilinear backbone model with elastic, cracking, and post-
yielding stages using a nonlinear modal pushover analysis on the RC frame (based on the fundamental mode). Obtain the
RC frame's story strengths and stiffness properties.

2. Reduce the multi-story RC frame to a single-degree-of-freedom model, known as the SDOFgrc model (Fig 1.), and
compute the present structure's energy dissipation behavior at the target drift.

3. Using the SDOFgc displacement spectrum, determine the present RC frame's maximum story drift. If maximum story
drift exceeds the intended story drift ratio, seismic retrofitting is required.

4. Determine the friction damper’s required lateral strength ratio in terms of SDOFgc.
5. Distribute energy-dissipation devices to control the target story drift ratios for each story, as shown in Fig 2.
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Fig. 1. Simplification of the RC building to a SDOFgc [15].
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Fig. 2: Seismic retrofit configuration.
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3. Nonlinear response history analysis

Nonlinear response history analysis (NLRHA) was performed for existing RC building (3D-R model) and retrofitted
building with friction damper (3D-RF model) using a suite of eleven scaled ground motions. The detail of the ground motion
motion can be found in the previous study [15]. An average of each response is compared in this section.

3.1. Ground motions for NLRHA

Fig 3 shows the target scaled ground motion elastic response spectra (5% damped), which is used to validate the retrofit
method. The average results from all ground motions of each model are compared.
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Fig. 3: Target MCE and scaled ground motion.

4. Numerical results
The numerical results will be shown and discussed in this section.

4.1. Maximum displacement (DiSmax)

Fig.4a and Fig.4b shows the maximum displacement (Dismax) for both before (Fig 4a) and after retrofit the RC building
with friction dampers (Fig 4b). Based on the CD method [11-12, 18], the numerical results indicates that the Dismax Of the
retrofitted building with friction damper reduces significantly when compared to the non-retrofitted building, as shown in
Fig 4c. This may imply that the friction dampers improve the seismic performance of the building.
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Fig. 4: Maximum displacement

4.2. Drift concentration factor (DCF)
The effectiveness of retrofitted with dampers in reducing inter-story drift concentration may express of the terms of

the drift concentration factor (DCF), as defined in Equation (1), where SDRmax,i is the maximum inter-story drift ratio
from all stories, uy is the roof displacement; H is the total height of the building [31-32].

|SDRmax,i| (1)
u,./H

DCF = 1

As shown in Fig 5, the overall results indicate that drift concentration factors (DCFs) of the retrofitted buildings are
significantly decreased for several of the ground motions. It implies that individual stories in the retrofitted buildings tend to
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resist earthquake action and the weak story failure of the retrofitted building may be avoided [31-32]. It implies that the
friction damper may improve the prevention of the damage concentration for the retrofitted buildings.
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Fig. 5 Drift concentration factor (DCF)

4. Conclusion
The seismic retrofit of RC building with friction dampers are compared and discussed with their performances. The
following conclusions may be drawn:
1) The NLRHA results indicated that the maximum displacement and maximum story-drift ratios were substantially
improved after retrofitting the existing RC building with friction dampers.
2) The friction dampers may improve the prevention of the damage concentration for the RC retrofitted buildings when
compared to the non-retrofitted RC building.

Acknowledgement
This work was financially supported by King Mongkut’s Institute of Technology Ladkrabang [2567-02-01-027].

References

[1] Mitchell D, DeVall R.H, Saatcioglu M, Simpson R, Tinawi R, Tremblay R. “Damage to concrete structures due to the 1994
Northridge earthquake”. Canadian Journal of Civil Engineering, 1995; Volume 22, page 361-377.

[2] Tsai K.C, Hwang S.J. Seismic Retrofit Program for Taiwan School Buildings After FTER 1999 Chi-Chi Earthquake. 14" World
Conference on Earthquake Engineering, 2008.

[3] Lukkunaprasit P, Ruangrassamee A, Boonyatee T, Chintanapakdee C, Jankaew K, Thanasisathit N, Chandrangsu T. Performance
of Structures in the Mw 6 1 Mae Lao Earthquake in Thailand on May 5 2014 and Implications for Future Construction. Journal
of Earthquake Engineering, 2015, Volume 23, page 219-242.

[4] Celik O.C. Holistic Seismic Behavior and Design of Buildings. FACADE Conference, 2017, page 161-173.

[6] Masi A, Chiauzzi L, Santarsiero G, Manfredi V, Biondi S, Spacone E, Gaudio C.D, Ricci P, Manfredi G, Verderame G.M.
Seismic response of RC buildings during the Mw 6.0 August 24 2016 Central Italy earthquake the Amatrice case study. Bulletin
of Earthquake Engineering, 2019; Volume 17, page 5631-5654.

[6] Badoux M., Jirsa J.O. Steel bracing of RC frames for seismic retrofitting. Journal of Structural Engineering, 1990, Volume 116,
page 55-74.

ICSECT 163-5



[7]
(8]
(9]
[10]
[11]

[12]
[13]

[14]

[15]

[16]
[17]

(18]

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

(28]

Canbay E, Ersoy U, Ozcebe G. Contribution of reinforced concrete infills to seismic behavior of structural systems. ACI Structural
Journal, 2003, Volume 100, page 637—-643.

Seible F. Priestley M.J.N, Hegemier G.A, Innamorato D. Seismic retrofit of RC columns with continuous carbon fiber jackets.
Journal of Composites for Construction (ASCE), 1997; Volume 1(2), page 52—62.

Takeuchi T, Yasuda K, Iwata M. Seismic retrofitting using energy dissipation fagade. ATC-SEI09 Conference on Improving the
Seismic Performance of Buildings and Other Structures, December 9-11, 2009, San Francisco.

Di Sarno L, Manfredi G. Seismic retrofitting with buckling restrained braces: Application to an existing non-ductile RC framed
building. Soil Dynamics and Earthquake Engineering, 2010, Volume 30, page 1279-1297.

Fujishita K, Sutcu F, Matsui R, Takeuchi T. Damage distribution based energy-dissipation retrofit method for multi-story RC
building in Turkey. IABSE Symposium Report, 2015, Volume 104, page 1-8.

Takeuchi T, Wada A. Buckling-restrained braces and application. The Japan Society of Seismic Isolation.

Sutcu F, Takeuchi T, Matsui R. Seismic Retrofitting Design Method of Existing RC Buildings with Buckling Restrained Braces.
Journal of Constructional Steel Research, 2014, Volume 101, page 304-313.

Sutcu F, Bal A, Fujishita K, Matsui R, Celik O.C, Takeuchi T, Matsui R, Terashima M, Maeda Y. Experimental and Analytical
Studies of Sub-Standard RC Frames Retrofitted with Buckling-Restrained Braces and Steel Frames. Bulletin of Earthquake
Engineering, 2020, Volume 18, page 2389-2410

Saingam P, Sutcu F, Terazawa Y, Fujishita K, Lin P.C, Celik O.C and Takeuchi T. Composite Behavior in RC Buildings
Retrofitted using Buckling-Restrained Braces with Elastic Steel Frames. Engineering Structures, 2020, Volume 219, Paper ID
110896.

Saingam, P. Response Control on Seismic Retrofit of Low-Rise RC Frame Using Viscous Damper. Lecture Notes in Civil
Engineering, 2023, 276 LNCE, pp. 38-48

Y. Zhou, X. Lu, D. Weng, R. Zhang. A practical design method for reinforced concrete structures with viscous dampers.
Engineering Structures, 2012, Volume 39, page 187-198.

Saingam P, Matsuzaki R, Nishikawa K, Sitler B, and Terazawa Y, Takeuchi T. Experimental Dynamic Characterization of
Friction Brace Dampers and Application to the Seismic Retrofit of RC Buildings. Engineering Structures, 2021, Volume 242,
Paper ID 112545,

Xu Y.L, Ng C.L. Seismic Protection of a Building Complex Using Variable Friction Damper: Experimental Investigation.
Engineering Mechanics, 2008; Volume 134(8), page 637-649.

Qu Z, Ji X, Xiao Shi X, Wang Y, Liu H. Cyclic loading test of steel coupling beams with mid-span friction dampers and RC slabs.
Engineering Structures, 2020; VVolume 203, Paper 1D 109876.

A. Filiatrault, S. Cherry. Performance Evaluation of Friction Damped Braced Steel Frames under Simulated Earthquake Loads,
Earthquake Spectra, 1978, Volumn 3, page 57-78.

Lépez-Almansa F, Cruz S.T D, Taylor C. Experimental study of friction dissipators for seismic protection of building structures.
Earthquake Engineering and Engineering Vibration, 2011; 10: 475-486.

Santos A.F, Santiago A, Rizzano G. Experimental response of friction dampers under different loading rates. International Journal
of Impact Engineering, 2019; 132, 103316.

Qu Z,Ji X, Xiao Shi X, Wang Y, Liu H. Cyclic loading test of steel coupling beams with mid-span friction dampers and RC slabs.
Engineering Structures, 2020; 203, 109876.

Xu Y.L, Ng C.L. Seismic Protection of a Building Complex Using Variable Friction Damper: Experimental Investigation.
Engineering Mechanics, 2008; 134(8) 637-649.

Imad H. Mualla I.H, Belev B. Performance of steel frames with a new friction damper device under earthquake excitation.
Engineering Structures, 2002; 24: 365-371.

Khoo H.H, Clifton C, Butterworth J, MacRae G. Experimental Study of Full-Scale Self-Centering Sliding Hinge Joint Connections
with Friction Ring Springs. Journal of Earthquake Engineering, 2013; 17: 972-997.

Hsen-Han Khoo H.H, Charles Clifton C, Butterworth J, Mac Rae G, Sean Gledhill S, Sidwelld G. Development of the self-
centering Sliding Hinge Joint with friction ring springs. Journal of Constructional Steel Research, 2012; 78: 201-211.

ICSECT 163-6


https://journals.sagepub.com/action/doSearch?target=default&ContribAuthorStored=Filiatrault%2C+A
https://journals.sagepub.com/action/doSearch?target=default&ContribAuthorStored=Cherry%2C+S

[29]
[30]
[31]

(32]

Ramhormozian S, Clifton G.C, MacRae G.A, Davetc G.P. Stiffness-based approach for Belleville springs use in friction sliding
structural connections. Journal of Constructional Steel Research, 2017; 138: 340-356

Saingam, P, Sangswang, N and Sansombat, P. Energy-dissipation in Seismic Retrofit RC Building with Friction Dampers.

E3S Web of Conferences, 2023, 422, 03004

Qu Z, Wada A, Motoyui S, Sakata H, Kishiki S, Pin-supported walls for enhancing the seismic performance of building structures.
Earthquake Engineering and Structural Dynamics, 2012, Volume 41, page 2075-2091.

Takeuchi T, Chen X, Matsui R. Seismic performance of controlled spine frames with energy-dissipating members. Journal of
Constructional Steel Research, 2015, Volume 114, page 51-65.

ICSECT 163-7



