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Previous earthquakes have caused extensive damage to reinforced concrete (RC) structures with insufficient
lateral force resistance or energy dissipation capacity. There is a need to retrofit vulnerable existing RC buildings,
particularly those not originally designed for seismic effects or designed to an outdated seismic specification.
This study investigates the use of friction dampers as displacement-dependent energy dissipation devices to
retrofit RC moment frame structures. First, an experimental program was conducted to characterize the dynamic
behavior of friction brace dampers with several different materials, finding that a sintered metal compound
provided a stable friction coefficient of 0.4. A strength-based equivalent linearization design procedure was then
developed based on the required friction slip force and considering the cracked state of the existing RC structure.
A four-story RC school building was then designed using the proposed retrofit design method, validated using
nonlinear response history analysis and compared to a previous retrofit scheme that employed buckling-
restrained braces (BRBs) and a stiffness-based equivalent linearization design method. The analysis results
suggest that the proposed retrofit design method and friction brace dampers are effective in reducing the
maximum story drift.

energy dissipation by adding dampers, which have been shown to in-
crease the seismic performance of new buildings [15-19], and to effi-
ciently control the seismic response in retrofitted buildings. Dampers
have also been proposed to retrofit RC buildings, most commonly using
buckling-restrained braces (BRBs) to provide displacement-dependent

1. Introduction

Observations from previous earthquakes have often noted that older

reinforced concrete (RC) buildings with insufficient lateral force resist-
ing systems are susceptible to significant damage [1-6], yet these
remain prevalent in countries with a newly recognized seismic hazard
and limited tradition of seismic design. Unfortunately, this issue often
extends to public buildings such as schools and hospitals, which play
important post-disaster roles as shelters and in treating the sick and
wounded. Public structures are typically assigned higher design forces
by modern seismic design code with the intention of decreasing damage,
ideally to a minimal level that permits immediate occupancy. Never-
theless, older RC buildings not originally designed for seismic loads or
designed to an outdated seismic design code are vulnerable and require
effective retrofit strategies.

Conventional retrofit of RC moment frames typically involves
wrapping the RC columns with carbon fiber reinforced polymers [7,8],
filling in bays with new RC shear walls [9,10] or adding conventional
steel braces [11-14]. However, an alternative strategy is to increase the
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energy dissipation [20-29]. Friction dampers (FD) offer a promising
alternative, as they provide significant energy-dissipation from smaller
story drifts [30-33] at a relatively low cost, and are easy to install and
maintain [34]. Friction dampers may be employed as braces, in rocking
walls, or at beam ends, such as the sliding hinge joints (SHJ) used in steel
moment frames [35-37].

Friction brace dampers, in particular, affect the dynamic response by
increasing stiffness and damping. Several studies have proposed
displacement-based design methods for structures with energy dissipa-
tion devices [38-43], but these are typically iterative procedures, as the
supplement damping depends on the resultant displacement.
Displacement-based design has also been employed [44] to retrofit
moment frames with in-plan irregularities, taking into account the
strength and stiffness degradation from previous earthquakes. To avoid
iteration, a direct equivalent linearization procedure was developed
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Nomenclature

Amax Maximum roof acceleration

C- Damping reduction factor

d Displacement amplitude

Eq Hysteretic energy of the friction damper

Ef Hysteretic energy of the SDOFg¢

Espe Total strain energy of the retrofitted SDOF

f Frequency

Fgra,i Required yield strength of BRB at i story

Fpreci  Required yield strength of BRB at ith story, reduced for
partially composite steel frame

Fy Required lateral slip force of friction dampers

Fgi Required lateral slip force of friction dampers at i" story

Fac,i Required lateral slip force at i story, reduced for partially
composite steel frame

oFqi Axial slip force of individual friction brace damper

H; Height of i story

Heg Equivalent height of the SDOFrc model

Kgrs;,  Required lateral BRB stiffness at i*" story

Kgpreci  Required lateral BRB stiffness at ith story, reduced for
partially composite steel frame

Kg; Story stiffness of existing RC building at i story, obtained
by pushover analysis

K Lateral elastic stiffness of the SDOFgc model

K Lateral stiffness of the SDOFrc model in the longitudinal
direction

K, Lateral stiffness of the SDOFrc model in the transverse
direction

Kg, Secant stiffness of the SDOFg¢

oKai Axial workpoint stiffness of individual friction brace
damper

Kre,i Lateral stiffness of RC frame at the i" story within the
retrofit bay

Ksr,i Lateral stiffness of steel frame at the i" story

m; Mass of i story

Mg Equivalent mass of the SDOFgc model

Np; Friction load cell 1

Np1 Friction load cell 2

P Stiffness reduction factor

Q; Lateral force distribution along the building height for the
it story

Qs Lateral force at crack displacement

Qy Lateral force at yield displacement

R Damping response reduction factor

Sps Design spectral acceleration at 0.2 sec

Sp1 Design spectral acceleration at 1.0 sec

Ty Fundamental period of the first vibration mode

u; Fundamental modal displacement of i story

Vinax Maximum slip velocity

ay Pre-yield stiffness ratio

OBRBy,i Lateral yield deformation of BRB at i story

Bfe Lateral crack displacement

Spy Lateral yield deformation of the SDOFy¢

Sal Spectral displacement of the SDOFg¢ model in the
longitudinal direction

Sae Spectral displacement of the SDOFg¢ model in the
transverse direction

Star Lateral target displacement

00dy,i Axial workpoint yield deformation of friction damper

u Friction coefficient

] Average friction coefficient

He Ratio of the crack-to-yield displacements (Ratio of 6y, to &p)

Us Drift ductility at the target roof displacement (Ratio of the
Otar tO 5fy)

A Unloading stiffness degradation parameter

Ero Intrinsic damping of the existing RC frame

Eeq Average equivalent hysteretic damping ratio of the retrofit
structure

Eeg Equivalent hysteretic damping ratio of the retrofit
structure

Ep Equivalent hysteretic damping of SDOFg¢

Oay Yield story drift of friction damper for brace design

05, Story drift of the SDOFgc model

Omax Maximum story drift

Orar Target story drift

Orar,i Target story drift of it story

Yefi Fully composite stiffness amplification ratio at i story,
expressing the fully composite stiffness relative to the non-
composite stiffness of the RC and steel frames

Yepii Partially composite stiffness amplification ratio at i" story,
expressing the actual composite stiffness obtained from
pushover analysis relative to the non-composite stiffness of
the RC and steel frames

[45] for the seismic design of passively controlled steel structures based
on the damper stiffness. This method has since been applied to RC
buildings retrofitted with BRBs and elastic steel frames [27,28] and is
referred to as the constant drift (CD) method in this paper, as it targets a
constant inelastic story drift. This study expands the CD method to RC
buildings retrofitted with friction brace dampers.

Before investigating the design method and application, this study
first presents an experimental program characterizing the dynamic
behavior of the proposed friction damper. Five different friction mate-
rials were investigated to identify an optimal material exhibiting a high,
stable friction coefficient with minimal dependencies. The stiffness-
based CD method is then extended to a strength-based method, which
is more appropriate for friction dampers where the salient parameter is
the required slip force, instead of the brace stiffness. Installing new
braces into an existing RC frame often requires supplemental steel
frames, and a previous study [46] found that the partial composite
behavior between the existing RC and new steel frame may reduce the
required damper. In this study, the composite behavior is used to reduce
the friction damper’s slip force demand. Finally, a simple design
recommendation is outlined, and applied to a design example of a four-

story RC school in Thailand. The effectiveness of the proposed friction
damper retrofit and design method is demonstrated and validated using
nonlinear response history analysis.

2. Friction damper experiment

Previous studies have tested friction dampers, but have either ach-
ieved a high, but unstable friction coefficient or a moderate, but stable
friction coefficient. Metallic asymmetric friction dampers [47]
(including aluminum shims, brass shims, steel shims, bisalloy 80,
bisalloy 400, and bisalloy 500) have achieved initial friction coefficients
of up to 0.48, but reported values as low as 0.30 for large-amplitude
dynamic loading. Conversely, a friction damper widely used in prac-
tice [48] produces a stable, but slightly lower friction coefficient of 0.31.
This study sought to develop a friction damper that exhibits a high and
stable friction coefficient, decreasing the required normal force while
increasing the device reliability. An experiment was conducted to obtain
the dynamic friction coefficient and dependencies of several different
friction materials.

Five automotive brake pad materials were considered: Polymer



P. Saingam et al.

Table 1

Definition of experimental specimens.

Specimen name

Component of material

Polymer
composite A-1

Polymer
composite A-2

Polymer
composite B

Sintered metal C-1
Sintered metal C-2

Polymer composite (non-asbestos, non-steel) with abrasive
particles and fibers cast in organic resin (4B06*)

Polymer composite with abrasive particles and fibers cast in
organic resin, with a lower ratio of abrasive contents than
Polymer composite A-1, adding lubrication contents (TD26*)
Polymer composite with abrasive particles and fibers cast in
organic resin, with a lower ratio of abrasive contents than
Polymer composite A-1 (TD08*)

Sintered metal with abrasive particles (H3K*)

Sintered metal with abrasive particles with a lower ratio of

abrasive contents than Sintered metal C-1 (H3KJA*)

* Material code from Showa Denko Materials Co. Ltd.

composite A-1, Polymer composite A-2, Polymer composite B, Sintered
metal C-1, and Sintered metal C-2. The polymer composites included
abrasive particles and non-steel fibers (aramid, copper, etc.) cast in
organic resin. Polymer composite B featured a lower ratio of the abrasive
particles than A-1, while A-2 also featured a lower ratio and was infused
with a lubricant. The sintered metal materials were fabricated using
several metal powders, while C-1 featured a higher ratio of abrasive
particles than C-2. The five materials are summarized in Table 1.
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2.1. Test specimens

A representative friction damper specimen is shown in Fig. 1. The
test rig was reused from previous friction tests [48-50]. Each specimen
was composed of a stainless-steel sliding plate with 65 mm holes
(Fig. 1a) and two 4.5 mm steel outer plates (Fig. 1b), which were welded
to the actuator assembly and bonded to the friction material (Fig. 1c).
The sliding plate was sandwiched between the two outer plate assem-
blies, and fixed using grade 10.9 M27 bolts, each with five cone disc
springs (outer diameter 100 mm, inner diameter 51 mm, thickness 6
mm). The bolts were tightened to a normal force of 166 kN, producing
an average surface pressure at the friction interface of about 9.7 MPa.

2.2. Test setup and loading protocol

The experimental setup is depicted in Fig. 2a and 2b. The friction
damper specimens were loaded by applying horizontal displacement to
the shake table and sliding plate. The reaction force was measured by a
load cell attached to the reaction beam and outer plate assembly, while
the relative slip displacement was measured using lasers attached to the
bolts. Finally, the axial force in the bolts was confirmed using individual
load cells (Np3, Np2), as indicated in Fig. 1.

The loading protocols were developed to systematically investigate
the friction dependencies, and the frequencies and displacement am-
plitudes satisfied the damper test criteria of ASCE 7-16 Chapter 18 [51]
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(c) Friction damper specimen

Fig. 1. Friction damper specimen.
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(a) Photo of experimental setup

Test specimen connection jig Load cell

Laser displacement meter H type beam jig

Shaking table fixing jig Specimen

Reaction beam

| —1"

Shaking table

Actuator 4

Strong frame

b) Detail of experimental setup

Fig. 2. Experimental setup.

for typical mid-to-high rise buildings with fundamental periods
exceeding T > 0.7 sec. Table 2 summarizes the adopted loading pro-
tocols, including the displacement amplitude, frequency, waveform and
number of cycles per set. The loading rate varied from quasi-static to
dynamic, and the displacement amplitude from +20 to 55 mm. The full
loading protocol specified in Table 2 was applied to each of the five
specimens.

2.3. Experimental results

2.3.1. Friction hysteresis

Representative slip force and friction coefficients are shown in
Fig. 3a to 3e for each material (Set No. 9: 4 cycles at +40 mm and 0.7
Hz). The normalized shear forces were obtained by dividing the hori-
zontal reaction force by the total normal force and number of slip planes.
The polymer composite materials generated slightly higher friction co-
efficients than the sintered metal materials, but the rigid-plastic hys-
teresis was more stable for the sintered metal materials.

Fig. 3a indicates that the polymer composite material A-1 had a slip
load of 300 kN, which corresponds to a friction coefficient of 0.50, the
highest value of all the materials. Although the polymer composite
material B (Fig. 3¢) exhibited a similar maximum slip force and friction
coefficient as A-1, the friction coefficient was less stable and experienced
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stick-slip behavior, with frequent sudden small drops in force.
Conversely, the materials A-2 and C-1 exhibited a slip force of about 250
kN, which corresponds to a friction coefficient of 0.45, as indicated by
Fig. 3b and 3d, respectively. In addition, Fig. 3e presents a slightly lower
friction coefficient of material C-2 than A-2 and C-1. These materials also
featured a more stable rigid-plastic hysteresis than materials A-1 and B.

2.3.2. Cyclic variation of friction coefficient during continuous loading

The slip force-relative displacement, friction coefficient-relative
displacement, and axial bolt force (i.e., normal force) are shown in
Fig. 4a to 4e for the 100-cycle continuous loading (Set No.18), and the
evolution in the friction coefficient in Fig. 5. These figures indicate that
the sintered metal materials (C-1 and C-2) exhibited less fluctuation in
the friction coefficients than the polymer composite materials (A-1, A-2,
and B). For example, while the friction coefficient of the polymer com-
posite materials ranged from 0.30 to 0.50, the sintered metal materials
only varied from 0.40 to 0.50.

The increase in temperature due to cycle heating during continuous
loading is shown in Fig. 6, which occurs as the friction dissipates energy
through heat. Note that the specimens were cooled to 45 °C between
each set.

2.3.3. Wear of friction material surface at end of testing

The friction material surfaces are shown in Fig. 7 at the end of each
test. The polymer composite materials A-1 (Fig. 7a) and A-2 (Fig. 7b)
were significantly darkened, while evidence of melting was also
observed due to high temperatures developed in the final set. The
polymer composite material B (Fig. 7c) was also darkened, but melting
was not observed. All three of these polymer composite materials
experienced greater wear closer to the bolt holes, which indicates that
the friction damper did not apply a perfectly uniform pressure.
Conversely, the sintered metal materials C-1 and C-2 exhibited relatively
uniform wear, as shown in Fig. 7d and 7e.

2.4. Friction coefficient dependencies

The friction coefficient dependencies were developed from the dy-
namic test results, with the average friction coefficient () calculated
from the hysteretic energy and slip for each cycle (Fig. 8), and then
averaged across the full set.

2.4.1. Cyclic loading dependence

The average friction coefficients for each set are shown in Fig. 9.
These varied significantly for the polymer composite material B
(Fig. 9¢), but by less than + 10% for the polymer composite materials A-
1 (Fig. 9a) and A-2 (Fig. 9b), and were essentially constant for the sin-
tered metal materials C-1 (Fig. 9d) and C-2 (Fig. 9e). The cyclic heating
during the final 100 cycle sets generally produced the greatest deviation
and lowest friction coefficients for the polymer composite materials, but
had negligible effect on the sintered metal materials.

2.4.2. Displacement amplitude dependence
The displacement amplitude dependence is shown in Fig. 10a to 10e
for the friction materials A-1, A-2, B, C-1, and C-2, respectively. The

Table 2

Loading protocol.
Set No. Amplitude (mm) Frequency (Hz) Input waveform Cycles
1 (Standard) +50 Quasi static (0.01) Sine wave 2
2-5 +20 Dynamic (0.3, 0.5, 0.7, 1.0) Sine wave 4
6-10 +40 Dynamic(0.05, 0.3, 0.5, 0.7, 1.0) Sine wave 4
11-14 +55 Dynamic (0.05, 0.3, 0.5, 0.7)
15-16 =+ 20, 40 Dynamic (0.7) Triangular wave
17 (Standard) +50 Quasi static (0.01) Sine wave 2
18 (Continuous) +20 Quasi static (0.5) Sine wave 100
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Fig. 3. Results of dynamic loading tests (=50 mm, Quasi-static; + 40 mm, 0.7 Hz).

polymer composite material B exhibited the greatest variation, partic-
ularly at the larger 40 and 55 mm amplitudes. The polymer composite
materials A-1 exhibited friction coefficients that gradually increased
from 0.42 to 0.58 between the amplitudes 20 and 55 mm. Conversely,
the polymer composite material A-2, sintered metal materials C-1 and C-
2 exhibited negligible amplitude dependence, which remained stable at
0.40 over the amplitude range from 20 to 55 mm.

2.4.3. Slip velocity dependence

The slip velocity dependence is shown in Fig. 11a to 11e for the
friction materials A-1, A-2, B, C-1, and C-2, respectively. For the sets
with sinusoidal input motion, the maximum slip velocity (Vpe) was

derived from the amplitude (d) and the frequency (f) following Equation
1.

®

The polymer composite material A-1 exhibited larger friction co-
efficients at lower velocities between the amplitudes 40 and 55 mm,
while the polymer composite material A-2 exhibited smaller friction
coefficients at lower velocities between the amplitudes 20 and 40 mm.
Nevertheless, the velocity dependency was negligible for Viqx exceeding
100 mm/sec for both materials. Up to a 50% reduction in the friction
coefficient was observed for the polymer composite material B between
the quasi-static and maximum velocity (Viuq, = 250 mm/sec). Once

Vinax = 2mdf



P. Saingam et al.

Slip force (kN)

Slip force (kN)

Slip force (kN)

Slip force (kN)

Slip force (kN)

500
400
300

200

100
0
-100
-200

-300 L

-400
-500

500
400
300
200
100

-100
-200
-300
-400
-500

500
400
300
200

100 |-

-100
-200

-300 |

-400
-500

500
400
300
200
100
0
-100
-200
-300
-400
-500

-60 -40 -20 0

500
400
300
200
100

-100
-200
-300
-400
-500

-60 -40 -20 0 20 40 60

Relative displacement (mm)

(a-1) Slip force

0 -40 20 0 20 40 60
Relative displacement (mm)

(b-1) Slip force

0 -40 20 0 20 40 60
Relative displacement (mm)

(c-1) Slip force

20 40 60
Relative displacement (mm)

(d-1) Slip force

0 -40 20 0 20 40 60
Relative displacement (mm)

(e-1) Slip force

Friction coefficient

Friction coefficient

Friction coefficient

Friction coefficient

Friction coefficient

08|

021 0
041
0.6 L
081 oo

020
041
060
081 I

Relative displacement (mm)

(a-2) Friction coefficient

-60 -40 -20 0 20 40 60

Relative displacement (mm)

(b-2) Friction coefficient

-60 -40 -20 0 20 40 60

o8l

-60 -40 20 0 20 40
Relative displacement (mm)

(c-2) Friction coefficient

1

(c) Material polymer composite B

081
0.6 o i
041 . ee—
o2l LS

0L

-1

-60 -40 20 0 20 40
Relative displacement (mm)

(d-2) Friction coefficient

(d) Material sintered metal C-1

1

08l cbeeedeeei
06 ‘
041

021

-60 -40 20 0 20 40
Relative displacement (mm)

(e-2) Friction coefficient

(e) Material sintered metal C-2

60

Engineering Structures 242 (2021) 112545

133
=3
(=]

®©
(=]
T

(=)
(=}

=
=]

9}
(=1
T
I

Axial force of bolt (kN)

=3
=]

=
%)
=]
N
=)
(=]
®©
S
(=3
=]

(a-3) Axial force of the bolt

(a) Material polymer composite A-1

o
=3
S

®©
S
T

=N
=]

N
o

9
=)

Axial force of bolt (kN)

100

0 20 40 60 80 100
Cycles

(b-3) Axial force of bolt

(b) Material polymer composite A-2

353
=3
S

%
S
T

160 |

S
S

%)
=3
I

Axial force of bolt (kN)

=3
S

20 40 60 80 100
Cycles

(c-3) Axial force of bolt

200
S0l ]
3 160 Nbl
5 Lo ]
“§140, B ,,
&£ /f/—/—/y\—f
,g 120 S “Nb2
<

100

20 40 60 80 100
Cycles
(d-3) Axial force of bolt

200
é 180
S
2 160
B
o
o 140
=t
= 120
s
<

100

(e-3) Axial force of bolt
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again, the sintered metal materials C-1 and C-2 exhibited negligible
velocity dependence and remained stable at 0.40 over the amplitude
range from 20 to 55 mm.

2.4.4. Temperature dependence

The temperature dependence is shown in Fig. 12a, 12b, and 12c for
the friction materials A-1, B, and C-1, respectively. The friction coeffi-
cient gradually decreased for the polymer composite materials A-1 and B
due to the cumulative cyclic heating, but remained stable for the sin-
tered metal material C-1, even for temperatures reaching 200 °C.

2.5. Summary of experiment

The friction experiment identified the dynamic friction characteristics
of several candidate friction brace damper materials. Of these, the sintered
metal material C-1 exhibited the most stable friction coefficient at # = 0.40,
with negligible amplitude, velocity and temperature dependencies.
Therefore, this material was selected for the seismic retrofit design study,
while the lack of friction coefficient dependencies permits it to be modelled
using a perfectly elasto-plastic hysteresis (i.e., Coulomb friction model).

3. Retrofit design method

This section introduces a seismic design method to retrofit RC build-
ings with friction brace dampers. The proposed procedure involves
obtaining the single degree of freedom (SDOF) properties of the existing
RC building, calculating the required damper slip force and then vertically
distributing the friction dampers. A preferred installation method is to
attach the dampers to inscribed single-bay steel frames (SF), in which case
partial composite behavior develops between the RC and steel frames.

Friction coefficient

Auyi : Area of each cycle in slip coefficient
and Relative displacement relationship

Relative displacement

C :Number of cycles

Xi :Slip displacement of each cycle

Fig. 8. Calculation of average friction coefficient.
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3.1. Simplification of RC building to single degree of freedom

First, the existing RC frame is simplified into a single degree of
freedom (SDOFgc) model (Fig. 13) following a well-known concept
[52,53] employed in previous studies [23,27,54]. The equivalent height
H,q (Equation 2), equivalent mass M, (Equation 3), and elastic lateral
stiffness Ky (Equation 4) may be calculated from the mass m;, funda-
mental modal displacement u; and height H; for each story i and the
elastic fundamental period Ty [23,53,54].
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Fig. 13. Simplification of the RC building to SDOF model.

Next, the base shear-roof displacement relationship of the RC frame
is obtained using nonlinear modal pushover analysis (based on the
fundamental mode) in order to estimate the cracking (6¢) and yielding
(84) roof drift displacements and corresponding base shear forces (Qy,
Qp). It is also useful to obtain the story strengths (Qg,7), as these are used
later to vertically distribute the dampers. The hysteresis is then simpli-
fied into a trilinear model with elastic (uf < 1), cracked (u, < yr < 1) and
post-yield (1 < uy) stages, where i is the drift ductility at the target roof
displacement (6;q;) and p the ratio of the crack-to-yield displacements,
as depicted in Fig. 14 [23]. The secant stiffness (Kp, = pKp) is further

Het o — )
p e T TR

related to the elastic lateral stiffness (Ky) by a stiffness ratio (p) given by
Equation 5.a (cracked) or Equation 5.b (yielded), where «; is pre-yield
stiffness ratio.

From the fitted trilinear pushover curve, the hysteretic energy (Ep)
dissipated per cycle may then be calculated. The unloading stiffness of
the RC members (Ky = (Q + Qp) / (6 + psdp) for pe < pup< 1, or Ky =
Qe +Qp) / (b + 5 / u} for I < yy) is defined from the Takeda model,
and reduces to Equation 6.a (cracked) or Equation 6.b (yielded), where
the Takeda stiffness degradation parameter is taken as 4 = 0.4 [55]. It
should be noted that the unloading and reloading stiffness depend on the
damage state, and evolutionary non-degrading rules have been proposed
in previous studies [56-58], but are not included in the present study.

for (u. < ﬂfgl) (5.a)
Hy
p= pet (I —po) . (1<pu) (5.b)
Hy
By = 29K 1,302 for < <) 6.)
B [ o
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= p(L+p )t + u,
2 PHy p( .M():Mf He for

(6.b)
Mo + Uy

Ey = 2pK; (p;65) (1 <ny)

3.2. Friction damper sizing and vertical distribution

The friction brace dampers act in parallel with the existing RC
moment frame (Fig. 15) to increase the lateral strength and provide a
reliable source of energy dissipation. In this study, the elastic brace
segment is designed to minimize the slip drift and exceeds the strength
requirements imposed by the slip force. The independent selection of
strength and stiffness is a key attribute that differs from BRBs, where the
elastic segment is constrained by the restrainer dimensions and desire to
maximize the yield length, resulting in closer relationship between the
axial stiffness and yield force than friction dampers.

Furthermore, the experimental results from the previous section
indicated that the selected friction material is well represented by a
perfectly elasto-plastic hysteresis (Fig. 15). The present study recom-
mends adding an inscribed steel frame (SF) to transfer the damper forces
to the RC structure and help protect the existing RC members and con-
nections. The steel frame acts partially-compositely with the existing RC
frame and resists the additional forces imposed by the damper, an effect
that has previously been studied experimentally [29] and numerically
[46]. Note that the retrofitted bays are stacked vertically from the
ground level to avoid increasing the axial demands on columns not
enhanced by the steel frame. The beneficial effect of the damper and
steel frame on the existing RC frame was addressed by reducing the
required damper force in Section 3.3.

The required lateral force (Fy) of the friction dampers (referred to as

10

the “lateral slip force”) to achieve a target displacement (6 was
extended from the stiffness-based CD method to incorporate the existing
RC frame:

(a) First, the supplemental hysteretic energy dissipated per cycle by
the friction damper (Eq4) (Fig. 15) is given by Equation 7. Similarly, the
strain energy is obtained from the combined secant stiffness at ;.

E; = 4F 61, = 4F, (Mfﬁfjv) 2]
1 Fd 2

Esp == pKr +—2) (4,6 8

> 5 (P % +,uf5fy> (ﬂ/ f)) (8)

(b) The equivalent damping (¢ qu) (Equation 9) was obtained from
the total hysteretic energy (Ef + Eg) and total strain energy (Esf)
(Equation (8)) in the peak cycle, and added to the estimated & = 0.03
intrinsic damping of the existing RC frame [23].

E+Ey
47[EZfe

& =Eot ©)]

(c) As the displacement ductility in each cycle varies under earth-
quake ground motions, the effective equivalent damping [59] is lower
than that at the peak cycle, and the saturated response reduction effect
develops at a larger ductility than indicated by the peak cycle-ductility
relationship. Nevertheless, previous studies [60] have shown that the
more accurate average equivalent damping is about 0.6-0.8 of that
calculated at the peak cycle. Other studies [23,27-28] have proposed a
damping reduction factor of 0.6 for RC frames retrofitted with buckling-
restrained braces, while the Japanese code [61] suggests 0.8 for seismic
base isolation applications. Another study [62] investigated the appli-
cation of friction dampers to steel frames, and found that a damping
reduction factor of 0.7 best matched the numerical story drift results.
The site class has also been noted to affect this factor [63], although
0.6-0.8 was achieved for 10%-20% peak-cycle equivalent damping.
Therefore, a damping reduction factor (C,) of 0.7 is adopted to simplify
the equations, and is consistent with previous studies.

E +E,
47[E2_[(.

fgq = éf() + Cr( (10)

(d) The supplemental hysteretic damping reduces the spectral de-
mands by a damping response reduction factor (R). This study adopts an
equation proposed by Kasai et al. [64] (Equation (11)) with the default
calibration coefficient of a = 25, which was calibrated to the mean
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response of a suite of 31 earthquake ground motions. Note that £, and
&eq are the averages of equivalent hysteretic damping of SDOFgc and
equivalent hysteretic damping of the retrofitted system, respectively.

R— 1 +a¢,
1 +aé,

Therefore, the reduction to the target story drift (6;,,) relative to the
existing RC frame (67,) (Equation (12)) may be achieved from the
product of R and the secant period ratio Ty, / T, which is related to the
secant stiffnesses of SDOFrc (pKy) and the retrofitted system (pKy + Fq/
Star). As the target displacement and ¢, are mutually dependent,
Equation (12) is traditionally solved iteratively.

1D

Our _ Tou [1Haby, pK;  1+ag,
gfﬂ Tfﬂ I+ aéeq pKf + Fd/émr I+ a‘ffq
14 1+ ag,

(12)

_%]

(e) Nevertheless, a closed-form solution may be obtained by solving
for the normalized lateral slip force fq = Fa/(K:r) given a target drift
reduction 6.q/6y. This is achieved by substituting Equations (6)-(8) into
Equation (10), and then into Equation (12), rearranging into constant,
linear and higher order terms, and then solving the quadratic for fy. For
convenience, Equations 13.a and 13.b introduce two factors (An, Ap)
that relate the cyclic hysteretic to strain energy of the RC frame, and
reduce the final expression to Equations 14.a and 14.b for the cracked
(ue<ps < 1) and yielding (1<uy) stages, respectively. As mentioned
previously, 4 is the unloading stiffness degradation parameter from the
Takeda model and is taken as 1 = 0.4 [55].

+ Faf (Kiur) 1+ aky

Ap = # wa Ee for (ue < pr < 1) (13.a)

Agy ="PEIII for (1 < ) (13.)
() ) (o))

fa= & = " for (uc < pr < 1) (14.2)
()

fa= ﬁ = T for (1 < pp) (14.b)

Equations 14.a and 14.b express the required normalized lateral slip
force relative to the SDOFg¢ system, and may be applied up the structure
height by extending the CD method, which targets the same inelastic
story drift (6r,i = 0or) at each story.

(f). The required lateral slip force (Fg,;) at the ith story is then derived
by setting the same RC frame ductility (up), post-yield stiffness factor (p)
and normalized lateral slip force (fy) at each story, and adopting a

11

vertical distribution of lateral forces (Q;). The force distribution may be
defined by the local design code, for example ASCE-SEI7 [51], which is
adopted in this paper or the “Ai distribution” prescribed in the Japanese
seismic provisions [65]. Given that the story drift is defined by each
story’s shear force divided by the story stiffness and height, a constant
maximum story drift (0,.) may be assigned to every story and then set
equal O,4r. Applying these conditions, the local story drifts are related by
Equation (15), which is an intermediate result also obtained in the
original CD method [27,28]:

2 X H _ S (Q:H)) Fy

Hi 50»‘[ -
<Kf/” + 5“’”)H,' Zflzl |:<Kf,ui + 01‘1")sz| tar,

Rearranging Equation (15), Fq; is then expressed as Equation (16):

1 K 1
9 X (Kt) ( 4 Ja > Suri — Kipibrs
H YV (QiH;) p

Note that the story secant stiffness of the existing RC frame (Kj, ;)
may be expanded using the post-yield stiffness factor (p) (Equation 5.a
and 5.b) and story stiffness (Kp;) at target lateral story displacement (54,
), which equals 0;,H;. A final closed-form solution for the required
lateral slip force (Fg,;) at the it story is then given for the cracked (u.<yys
<1) and yielding (1<uy) stages by Equations 17.a and 17.b, as follows:

JaKpyi

0; = (15)

(16)

di =

N 2 .
i 2ot (Kl Jau
Foi= o > 1\;( L ) ( . )510»‘,[ — Kyyibiar for (4,
H;i 370 (0:H;) al(ﬂf—/‘c)Jrﬂg
<.“f<1)
(17.2)
Qi S (Kl )( fartty )
Foi=— 1+ : Srari — Kppibrars for (1 <
3 (o) (= pg) ) P Kb Tor (1< )

(17.b)

3.3. Composite behavior between RC and retrofitted steel frames

The previous analysis is valid for friction brace dampers (Fig. 16a)
directly connected to the existing RC beam-column joints (ignoring any
damper-frame interaction effects). However, in practice, a supplemental
steel frame internal to each bay is recommended to distribute the
damper forces to the existing RC frame. As the primary purpose of the
steel frame is to transmit axial forces and the continuous bracing pro-
vided by the grouted connection to the existing RC frame suppresses
lateral torsional buckling, the steel members may be slender, contrib-
uting only a modest lateral stiffness (Ksr;) when acting alone. Never-
theless, composite behavior between the new steel and existing RC
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members may substantially enhance the stiffness of the existing RC
frame; the stiffness of a single bay of which is denoted Kgc,. A previous
study by the authors [46] found that the grouted “connection zone”
detail shown in Fig. 16b develops partially composite behavior at design
level drifts. Furthermore, the amplification in stiffness for the actual
partially composite behavior (y,;) at a single bay of the ith story was
found to be linearly related to the fully composite stiffness ratio (y.£),
with both stiffness ratios taken with respect to the total non-composite
component stiffness (Krc,; + Ksr,)). Nonlinear pushover analysis for the
example building suggested ratios of y¢,1 = 0.45 y¢£1 + 0.55 for the 1st
story and yp,; = 0.25 y.5; + 0.75 for the upper stories, which also agreed
with a single-story test specimen [29]. Note that y,; and yp,; represent
the composite behavior of a single bay and the increase relative to the
story stiffness of the full RC frame (Ky;) is much smaller.

As the steel frame sizes are determined by the damper slip forces at
each story, which are not necessarily proportional to the RC frame,
properly accounting for this effect would require a new pushover anal-
ysis whenever a steel frame is added or revised. However, incremental
changes to the damper sizes produce diminishing returns, both in terms
of the equivalent damping and seismic response. Furthermore, it is
anticipated that the elastic forces developed by the partially composite
steel frame will be small relative to the damper slip force. Therefore, it is
proposed to simply reduce the required lateral slip force (Fq,;) at the ith
story by the force developed by the partially composite steel frame at 64y,
= 1/1000 rad, which is the slip drift adopted to design elastic segments
in this study and is achievable in practice. Note that this implies that the
friction dampers may be expected to slip under frequent serviceability
level earthquakes, but the total number of slipping cycles over a 50 year
design life are expected to be less than imposed in the experiment. Also,
the selected material (C-1) exhibited a stable friction coefficient even
under 100 continuous cycles (Fig. 4d), while the dampers are designed
to prevent slipping under the ultimate wind force.

The reduction in required force due to composite behavior is further
limited to no>20%Fg,;, as this is the maximum reduction investigated in
this study. Note that these are practical approximations used to rapidly
arrive at a design solution, and it may be prudent to validate the final
design, for example by directly including the steel frame in the pushover

Table 3
Design results for the longitudinal direction.

analysis used to construct the SDOF model. Nevertheless, the proposed
reduction to Fq; is given by Equations (18.a) (1st story) and Equations
18.b (upper stories). When there is no SF and no composite behavior
between RC and steel frame, 7,1 and y.y,; equal unity, and Fg ; converges
to Fg;.

Fuey = Fu1 — [Kspa +045(y, — 1) (Krca + Kspa) |- (6 H;) 20.8F 4
(18.a)

Faei = Fa;— [Kspi +0.25(r; — 1) (Kgcs

+ Ksri) | (04, H;) 20.8F,; for (i > 1) (18.b)

3.4. Retrofit design steps
The step-by-step retrofit design method is summarized as follows:

1. Perform a nonlinear modal pushover analysis (based on the funda-
mental mode) and fit the roof displacement - base shear relationship
to a trilinear backbone with elastic, cracked and yielding stages. Also
obtain the story strengths of the existing RC frame (Qg, .

. Simplify the RC frame into a SDOFg¢ model using Equations to, and
calculate the energy dissipation (Ey) of the existing structure at the
target drift (0,) using Equations 5 to 6.

. Obtain the maximum story drift of the existing RC frame from the
SDOFgc drift (6p), noting that the existing frame may not be
proportioned to achieve a uniform drift profile. If it exceeds the
target story drift (6;,), then the building requires a seismic retrofit,
while structures with maximum story drift less than 6, do not. The
target story drift may be selected by the designer, but this study
targeted 1,/200 rad at MCE.

. Calculate the required friction damper slip force ratio (fy) from
Equations 14.a or 14.b.

. Vertically distribute the story damper slip forces (Fq ;) using Equation
17.a or 17.b.

. (Optional) Size the steel frame to resist the axial forces generated by
the friction damper. Slender steel sections may be used to maximize
the steel frame’s yield drift, as lateral torsional buckling is

Story Before retrofit Buckling-restrained brace (BRB) retrofit Friction damper (FD) retrofit
Without steel frame With steel frame Without steel frame With steel frame
Ky Qpi Kprs,i OBRBy,i Fpra,i Kprac,i Fgrpc,i Fai Faci
(kN/mm) (kN) (kN/mm) (mm) (kN) (kN/mm) (kN) (kN) (kN)
Pushover analysis [27,28] [46] Equation 17.a Equation 18
4th 39.6 1228 16.8 4.8 81 6.5 31 - -
3rd 32.2 1127 100 5.3 531 74 393 395 361
2nd 32.1 1124 145 5.3 767 119 630 609 575
Ist 45.3 1586 124 5.3 657 77 410 476 416

12
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Table 4
Design results for the transverse direction.
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Story Before retrofit Buckling-restrained brace (BRB) retrofit Friction damper (FD) retrofit
Without steel frame With steel frame Without steel frame With steel frame
Ky Qi Kpra,i OBRBy,i Fpra,i Kgrac,i Fprac,i Fai Fac,i
(kN/mm) (kN) (kN/mm) (mm) (kN) (kN/mm) (kN) (kN) (kN)
Pushover analysis [27,28] [46] Equation 17.a Equation 18
4th 74.8 2319 - - - - - - -
3rd 70.2 2457 79 5.3 415 60 317 308 274
2nd 74.5 2608 131 5.3 688 103 539 613 578
Ist 106.6 3731 65 5.3 339 32 167 261 200

suppressed by the continuous bracing provided by the grouted con-
nections to the RC frame.

7. (Optional) Calculate Ksr; and y;, and decrease the required story
damper slip force to account for the partially composite steel frame
using Equations 18.a and 18.b.

4. Validation of proposed retrofit method
4.1. Target building and seismic hazard

The proposed retrofit design method was applied to a four-story RC
school building and validated using nonlinear response history analysis
(NLRHA). The example building was located in Chiang Rai, the north-
ernmost province of Thailand. Detailed frame dimensions and member
sizes are provided in [46], while the minimum specified strengths for the
24 MPa concrete and 300 MPa rebar were adopted, with the seismic
mass calculated as 184 tons for the 1st to 3rd stories and 171 tons for the
4th story. Three-dimension numerical models were built using ETABS
[66], following the same modelling assumptions as described in a pre-
vious BRB retrofit study [46].

Modal analysis identified the first three periods as 1.249 sec (trans-
lation in the longitudinal direction), 0.871 sec (torsional deformation),
and 0.830 sec (translation in the transverse direction), which are
superimposed on the maximum considered event (MCE) acceleration
and displacement spectra in Fig. 17a and 17b, respectively. The MCE
spectrum was defined as 1.5 times the elastic, 5% damped design-level
spectrum, which for Site Class D in Chiang Rai, Thailand [67] is
defined by a short period spectral acceleration of Spg = 0.825 g and 1 sec
spectral acceleration of Sp; = 0.235 g.

A target story drift ratio (6;) of 1/200 rad. (0.5% rad.) was selected
to avoid damage to drift-sensitive nonstructural components, and in-
crease the likelihood of achieving immediate occupancy after a strong
earthquake. First, nonlinear pushover analysis was conducted for the
four-story model of the existing RC frame, and the roof displacement-
base shear relationship simplified into a trilinear backbone. The
SDOFg¢ properties were then calculated as H,y = 10 m (73.5% of
building height), Me; = 577 tons (80% of the total mass), Kz; = 14.6 kN/
mm (lateral stiffness in the longitudinal direction) and K, = 33.1 kN/
mm (lateral stiffness in the transverse direction). The MCE displacement
spectrum (Fig. 17b) indicated SDOFgc displacements of 4; = 111 mm in
the longitudinal direction and 64 = 74 mm in the transverse direction,

with corresponding maximum story drifts (SDRyax) of 641/ Heq = 1.11%
rad and &g, / Heg = 0.74% rad. Both exceeded the target story drift,
indicating that retrofit was required in both directions.

4.2. Retrofit design example

The friction brace dampers were then designed using the proposed
retrofit design method, and compared to the existing RC building and a
BRB retrofit scheme from the previous study [46]. The resulting friction
damper and BRB sizes are shown in Table 3 (longitudinal direction) and
Table 4 (transverse direction), along with the elastic story stiffnesses
(K7) of the existing RC frame obtained from the earlier pushover anal-
ysis. Note that the BRBs were designed using the conventional CD
method [27,28] by specifying the required lateral stiffness (Kpgp,), with
the required lateral yield strength (Fgrp,) obtained from the calculated
yield deformation (&prsy,). Note that a slightly smaller equivalent
damping factor of C, = 0.6 was found to better approximate the average
equivalent damping for the BRB retrofit design [27,28], which led to
slightly different retrofit requirements at the 4th story in the longitu-
dinal direction than the friction damper retrofit. The reduced required
stiffness (Kprac,)) and strength (Fgrpc,;) were also redesigned with sup-
plemental steel frames, considering partial composite behavior [46].

The normalized lateral slip forces were calculated for the friction
dampers using Equation 14.a as fg = 0.59 in the longitudinal direction
and fg = 0.18 in the transverse direction, and the corresponding story
slip forces (Fg;) obtained from Equation 17.a. The required story slip
forces (Fgq.) were then reduced to account for the supplemental steel
frames and partial composite behavior using Equation 18. No friction
dampers were required to achieve the design target of SDR, < 0.5% rad
at the 4th story in either direction. Also, the required damper force was
lower for the friction dampers than for the BRBs. This was primarily
attributed to the smaller yield drift of the friction brace dampers, which
provided greater hysteretic energy dissipation at small drifts that the
BRBs, with did not yield until about 0.3% drift. Although the equivalent
damping of the two systems converged at larger drifts, friction dampers
may be more effective for high performance retrofits of RC frames,
which crack at relatively small drifts.

4.3. Design of friction brace dampers

Each friction brace damper consisted of a friction damper and elastic

Table 5

Friction brace damper design in longitudinal direction.
Story H; L; Dampers oFq,i Elastic segment oKai oOdy,i Say,i Oay,i

(mm) (mm) # (kN) (kN/mm) (mm) (mm) (rad)

4th 3100 4000 - - - - - — —
3rd 3500 4000 2 263 SHS 150x150x9x9 183 1.43 1.91 1/1837
2nd 3500 4000 2 405 SHS 150x150x9x9 183 2.21 2.94 1/1192
Ist 3500 4000 2 316 SHS 150x150x9x9 183 1.73 2.29 1/1526
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Table 6

Friction brace damper design in transverse direction.
Story H; L; Dampers oFai Elastic segment oKai Ody,i Ody,i Oay,i

(mm) (mm) # (kN) (kN/mm) (mm) (mm) (rad)

4th 3100 3500 - - - - - - -
3rd 3500 3500 2 218 SHS 150x150x9x9 197 1.20 1.70 1/2064
2nd 3500 3500 2 433 SHS 150x150x9x9 197 217 3.06 1/1143
Ist 3500 3500 2 185 SHS 150x150x9x9 197 0.77 1.09 1/3218

A1l

i

i

(b) With partially composite steel frame (3D-RSCF)

Fig. 18. 3-D view of the analysis models.

Table 7
Definition of numerical models.
Model name Description
3D-R model Existing RC building (Bare RC)
3D-RB model RC building retrofitted with BRBs (BRB Retrofit)
3D-RF model  RC building retrofitted with friction brace dampers (FD Retrofit)
3D-RSCB RC building retrofitted with BRBs and steel frame, including
model composite behavior (BRB + SF Retrofit including composite
behavior)
3D-RSCF RC building retrofitted with friction brace dampers and steel frames,
model including composite behavior (FD + SF Retrofit including composite

behavior)

segments, and was intended to start slipping at a story drift (6gy,;) of less
than 1/1000 rad, which increases the damper efficiency and justifies the
assumed elasto-perfectly plastic hysteresis. The elastic segment was also
designed to not buckle from the axial force generated by the friction
damper. Given the maximum required lateral slip force of 613 kN from
Table 4, two dampers each with an axial slip force of yF4; = 433 kN were
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selected with 150 x 9 mm square hollow section (SHS) elastic segments.
The axial workpoint stiffness (yKq;) and slip deformation (y54y,)) are
listed in Tables 5 and 6 per damper at each story, along with the cor-
responding lateral yield displacements and drift angles.

4.4. Numerical model

Five 3D models were then constructed to validate the seismic per-
formance of the retrofit designs. The existing RC building model was
denoted 3D-R and used as a benchmark. This model and the BRB retrofit
models with (3D-RSCB) and without (3D-RB) supplemental steel frames
were previously presented in [46]. Friction brace damper retrofits were
modelled without a supplemental steel frame (3D-RF) and are shown in
Fig. 18a. Each friction brace damper was modeled as a link element
using a Wen model [66,68], with the axial workpoint stiffness (due to
the elastic segment) assigned to the linear “effective stiffness” and
nonlinear “stiffness” in ETABs, and the required slip force as the
nonlinear “yield strength”. Next, supplemental steel frames with partial
composite behavior were modelled (3D-RSCF) using the same MLP link
approach adopted in [46], as depicted in Fig. 18b. The five models are
summarized in Table 7.

4.5. Elastic modal properties

Fig. 19a and Fig. 20a show the first three translation modes in the
longitudinal and transverse directions, indicating that the fundamental
periods decreased after adding the BRBs and friction brace dampers.
Substituting some of the required damper force with steel frames only
had a minor effect on the fundamental period. Furthermore, the
fundamental mode shapes only slightly changed in the retrofitted
models, becoming more linear in Fig. 19b and Fig. 20b.

4.6. Nonlinear response history analysis

Nonlinear response history analysis (NLRHA) was performed for all
five models using a suite of eleven scaled ground motions, and the
average and average plus one standard deviation of the maximum story
responses were tabulated for each model. Note that only the first hori-
zontal ground motion component was applied, once in the longitudinal
and once in the transverse direction. This enabled a direct comparison of
the performance about the two building axes, but slightly under-
estimated the interstory drift at the corners.

4.6.1. Ground motions for NLRHA

The ground motions (GM) were selected from the PEER NGA West 2
database [69] based on the local source fault characteristics, which were
similar for both the design and maximum considered hazard. Scale
factors between 0.68 and 1.89 were applied to the selected records [46]
for the design basic earthquake (DBE) suite, and then further scaled by
1.5 for the maximum considered earthquake (MCE) suite following
ASCE 7-16 [51] (Fig. 21).

4.6.2. Maximum story drift ratio
The maximum interstory drift ratios (SDRpq) at each story in the two
orthogonal directions are shown in Fig. 22a to 22f (longitudinal
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Fig. 21. Target MCE and scaled ground motion elastic response spectra
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direction) and Fig. 23a to 23f (transverse direction). Fig. 22a and 23a
depict the drift profiles for the existing RC building model (3D-R),
indicating that the average SDRyqy significantly exceeded the target of
0.5% rad in the 1st-3rd stories, while the 4th story drift was marginal in
the longitudinal direction and clearly already acceptable in the trans-
verse direction. Furthermore, Fig. 22c and 23c confirm that the friction
brace damper retrofit (3D-RF) was able to limit the average SDRpqx
t0<0.5% rad in both directions at all stories, even without supplemental
steel frames. The retrofit was also successful in suppressing the drift
concentration observed at the 2nd story in the existing RC building.
Incorporating supplemental steel frames with partial composite
behavior and a corresponding reduction in friction damper size (3D-
RSCF) produced nearly identical results, with Fig. 22e and 23e once
again achieving an average SDRpyqx < 0.5%. The performance of the
friction brace damper retrofit was comparable to the previous BRB
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retrofit designs, which are shown in Fig. 22b and 23b (3D-RB) and
Fig. 22d and 23d (3D-RSCB). The near-identical average drift responses
with and without supplemental steel frames (Fig. 22f and 23f) confirm
the effectiveness of using the elastic steel frames to reduce the required
friction damper slip forces, similar to how supplemental steel frames
reduced the required BRB stiffness [46].

4.6.3. Residual story drift ratio

The residual inter-story drift ratios (SDR,.) were obtained at the end
of an additional 60 sec of free vibration, as residual drift may signifi-
cantly influence the usability of a building following a strong earth-
quake. The average and average plus one standard deviation SDR, are
shown in Fig. 24 for longitudinal direction, while the transverse direc-
tion exhibited similar trends. Each of the retrofitted models achieved
SDRye < 0.1%, implying that an immediate occupancy performance level
is feasible, even in a large earthquake.

4.6.4. Maximum roof acceleration

The maximum roof accelerations (Apax) are shown in Fig. 25a
(longitudinal direction) and Fig. 25b (transverse direction) for each
ground motion, and the average of these results are shown in Fig. 26a
(longitudinal direction) and Fig. 26b (transverse direction). Although
the increased stiffness of the retrofitted buildings will tend to increase
the roof floor accelerations due to the period shift, depending on the
spectral shape of the ground motion, this is offset by the increased
hysteretic damping attributed to the hysteretic energy dissipated by the
dampers. Nevertheless, the net effect was minimal for this design
example, but should be confirmed after retrofitting a building with
dampers if nonstructural damage to acceleration-sensitive components
is of concern.

While brittle failure modes of the existing RC members were not
directly considered in this analysis, the recommended steel frame (3D-
RSCB and 3D-RSCF) helped distribute the damper forces to the existing
RC members. Furthermore, the partially composite steel frame
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strengthens the directly connected RC members and the improved story
drift reduces the flexural demands on the unconnected members.
Therefore, the proposed retrofit scheme reduces demands on the existing
RC members. Nevertheless, practical applications should consider the
project-specific RC member strengths, and the inclusion of dampers does
not preclude the need to retrofit deficient members.

5. Conclusions

This study experimentally characterized the dynamic friction coef-
ficient of five candidate friction brace damper materials, and a material
with a high, stable friction coefficient and negligible friction de-
pendencies was selected. Next, a seismic design method based on
equivalent linearization was proposed for RC moment frames retrofitted
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with friction brace dampers. Based on the experimental and analytical
results, the following conclusions may be drawn:

1) The first two friction materials with polymer composite compositions
(A-1 and A-2) exhibited relatively stable rigid-plastic slip behavior,
but the average friction coefficient decreased with increasing tem-
perature and the first cycles at room temperature varied by + 10%. A
polymer composite material B was sensitive to the maximum slip
velocity, as well as temperature.

2) Two sintered metal friction materials were tested and found to pro-
duce stable friction coefficients with negligible amplitude, velocity
and temperature dependencies. The sintered metal material C-1 was
selected as it achieved highly stable, near-constant friction



P. Saingam et al.

Engineering Structures 242 (2021) 112545

14 14 14
| 3D-R 3D-RB 3D-RF
! > Average
=10.5 == =105 =10.5 s
& Averaggh—i4 g - Average E i -Average
g #sp] | i1 g g :
= 7 A"": =] 7 - Averuge =] 7 :v > Avemge
E) -§ i E § +SD E 5 i '§ +SD
m 3.5 T M 35 < m 3.5 i <
[ - H -
0 b 0 = o L=
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
SDR,. (% rad.) SDR,, (% rad.) SDR,, (% rad.)
(a) 3D-R (b) 3D-RB [27-28] (c) 3D-RF (Equation 17)
14 14 — 14 o
; 3D-RSCB | |3D-RSCF !. Average
_ ; —_ | 105 |&
glO.S -Average EIOIS 1 *Average E 1|‘ :
g g = g 5L L
.§ 7 -A\x(;r?)gc '§ 7 ‘r -Ayesragc g ié ZSD-R
2 g+8 Z {9 +SD 3 i 3D RB
= - g = s 35 — --3DRF
o 35 AR o 3.5 ' s | “17_“ TIDRScB
i = [ 1i L= 3DRSCF
0 L} : < 0 i (=) 0 S L
0 o1 02 0 0.1 02 0 ol 02
SDR,, (% rad.) SDR,, (% rad.) SDR,, (%o rad.)
(d) 3D-RSCB [46] (¢) 3D-RSCF (Equation 18) (f) Comparison of average
Fig. 24. Residual story drift ratio for the longitudinal direction.
8 | m3D-R ©3D-RB 3D-RF =3D-RSCB m3D-RSCF 8 | w3D-R 13D-RB @3D-RF ®3D-RSCB m3D-RSCF
6 6 :
2] . @ i q
E’4 N . Y N ! §4 § 1
] ! 7 ﬁ z
£ . 1l g ‘
=2 i T2 :
’ : i
0 Z 7 7 7 0 73 % 7
1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5

Ground motion ID

(a) Longitudinal direction

Ground motion ID

(b) Transverse direction

Fig. 25. Maximum roof acceleration.

=
2 m3D-R
8 : ©3D-RB
g - l BADRE
e 23D-RSCF
ED %
=
Qo
hl

0 2 4 6 8

Average of 4,,,, (m/s?)

(a) Longitudinal direction

Transverse direction

A
|
0 2 4 6 8

Ay (M/57)

(b) Transverse direction

Fig. 26. Average of maximum roof acceleration.

coefficient of i = 0.40, permitting an elasto-perfectly plastic hys-
teresis for modelling and design purposes.

3) A closed-form retrofit design method was derived to directly deter-

mine the required slip force, including with supplemental steel
frames exhibiting partial composite behavior with the existing RC
frame. The NLRHA results confirmed that the proposed retrofit
method was able to limit the average of the maximum interstory
drifts to less than the target 0.5%. Furthermore, the peak drift was
nearly identical for retrofits employing friction brace dampers
designed using the proposed method and BRBs designed using the
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conventional CD method, and with or without supplemental steel
frames, confirming the efficacy of the proposed method.

4) An example four story RC moment frame was retrofitted with the

selected friction brace dampers using the proposed method. NLRHA
indicated that the peak and residual inter-story drifts were substan-
tially improved after retrofitting the existing RC building with fric-
tion brace dampers, while roof accelerations were not critical. This
implies that both structural and nonstructural damage may be
effectively mitigated using the proposed retrofit design strategy,
increasing the likelihood of immediate occupancy after a major
earthquake.
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