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This research proposes a procedure to retrofit existing structures using self-centring post-tensioned precast concrete
(SC-PC) frames. The procedure utilises the initial stiffness of the un-retrofitted structure and predicts the required
initial stiffness of the retrofitted one using the N2 method. A modified precast beam-end shape is proposed to
double the re-centring moment capacity of the retrofit frame at the beam-column interface. Different retrofit cases
for two- and three-dimensional structures utilising the proposed and conventional PC beams are investigated. The
results of the proposed procedure are verified through non-linear time history analysis using two different sets of
earthquake records compatible with the design-level response spectrum. The study results reveal that the SC-PC
retrofit frames are quite effective in controlling the earthquake-induced storey drift of the retrofitted structures
while eliminating the residual storey drift. The results also indicate the effectiveness of the proposed beam shape in
mitigating the inter-storey drift demand of the analysis model structures.

Notation

M cap

Mdecomp

required steel area

depth of the equivalent rectangular compression
stress block corresponding to the compression force
width of grout pad at beam-column interface
beam depth without enlargement

beam height

elastic modulus of the prestressing steel

resultant concrete compression force

force developed in the post-tensioning tendon
concrete nominal compressive strength

initial stress in the post-tensioning tendon

yield strength of the post-tensioning tendon
ultimate steel stress

steel yield stress

height of grout pad at interface

storey height between storey i and i- 1

moment of inertia of beam section based on gross
section properties

initial stiffness of un-retrofitted structure

required stiffness of one self-centring
post-tensioned precast concrete (PC) frame
required initial stiffness of retrofitted structure
distance between the force developed in the tendon
and the resultant compression force developed in
the concrete compressive stress block

moment capacity of beam-column connection
moment resistance at gap opening

of the self-centring post-tensioned PC connections

m; mass assigned to degree of freedom i

R ratio between the acceleration-displacement
response spectra slopes of the elastic radial lines of
the retrofitted and un-retrofitted structures

Sa spectral acceleration

Sa elastic displacement demand

Sbs, Spi spectral acceleration at short period and at 1 s,
respectively

So, S4 slopes of the un-retrofitted structure and

retrofitted one on the acceleration-displacement
response spectra

T natural period of vibration of the equivalent single-
degree-of-freedom system

t thickness at the bottom of the enlarged part of the
precast beam

r modal participation factor

Ept strain in the post-tensioning tendon

Pmin minimum reinforcement ratio

Pt reinforcement ratio

D; displacement amplitude at degree of freedom i of

the fundamental mode shape normalised to have a
unit maximum amplitude at the roof

di» Pi—1) amplitudes of the normalised mode shape at level i
and i - 1, respectively

Introduction

Two general seismic retrofit approaches are commonly used to
increase the strength/stiffness and ductility of structures. The
first approach focuses on global modification of the structural
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system, which leads to increasing both the stiffness and the
lateral load capacity of the structure. Examples of this approach
include the addition of shear walls (Guo et al., 2017; Henry
et al., 2016) or bracings (Park ef al., 2012) to the existing struc-
tures to reduce storey drift and thus decrease ductility demand.
The second approach focuses on local modification of certain
structural elements for improving the performance of that
element to fulfill a specified limit state as the building responds
at the design level. Examples of the local retrofit approach
include the addition of concrete, steel, or fibre-reinforced
polymer composite jackets (Binici and Mosalam, 2007) or by
adding passive devices at beam—column connections (Belleri
et al., 2017, Kim and Seo, 2003). Between the two approaches,
the global modification is more common owing to its effective-
ness, relative ease and lower overall cost.

Self-centring retrofitting generally leads to reduced ductility
demand, even for the case of partially self-centring systems
(Hu and Zhang, 2013). A self-centring scheme using post-
tensioned (PT) strands was introduced in many structural
systems and proved to be effective in enhancing the seismic
performance of the systems. For example, in the case of
shear wall systems, Holden ez al. (2003) tested the seismic per-
formance of precast partially prestressed reinforced-concrete
(RC) shear walls that incorporated PT unbonded carbon fibre
tendons and steel-fibre-reinforced concrete and found that the
system showed decreased lateral drift and damage compared
with conventionally reinforced precast concrete (PC) walls.
Similar results were observed from the cyclic tests of pre-
stressed PC shear walls (Bedoya-Ruiz et al., 2012). Kurama
et al. (2006) conducted 11 half-scale experiments to investigate
the non-linear reversed cyclic behaviour of a hybrid coupled
wall system, in which coupling of concrete walls is achieved by
post-tensioning steel beams to the walls using unbonded PT
tendons. Hu er al. (2012) proposed a new seismic retrofit
method for RC frames using self-centring hybrid walls. In this
scheme, a special base connection that isolates the wall from
its foundation ensures the controlled rocking behaviour of the
self-centring hybrid wall. The results revealed that the self-
centring shear wall is fairly effective in controlling the seismic
response of the retrofitted RC frame while having negligible
residual storey drift.

In the case of braced frame systems, Roke (2010) evaluated
the seismic performance of self-centring concentrically braced
(SC-CBFs) with respect to the performance-
based design approach and criteria. The results of that study
indicated that the system performs well under earthquake
loading and that the SC-CBFs are a viable alternative to con-
ventional concentric braced frame (CBF) systems. Eatherton
et al. (2014) carried out quasi-static cyclic tests of half-scale
rocking braced steel frames, which are seismic lateral-force-
resisting systems that utilise column-uplifting mechanisms,
high-strength PT and replaceable energy-dissipating fuses. The
tests demonstrate that the controlled rocking system can satisfy

frames
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the performance goals of: (¢) maintaining elastic response of
the rocking braced frame and post-tensioning up to drift ratios
of 2:5%; (b) confining inelastic response to replaceable shear
fuses; and (c¢) achieving near-zero residual drift when the
lateral forces are removed. Dezfuli et al. (2017) proposed
an innovative core-less self-centring (CLSC) brace, which is
specified as a retrofit device to be used in conjunction with
conventional lateral resisting systems. A parametric study was
conducted to find the most cost-effective materials and, at the
same time, full self-centring behaviour. Dyanati et al. (2017)
studied the seismic performance and economic effectiveness of
two prototype buildings utilising SC-CBF. These systems were
assessed and compared with buildings utilising conventional
CBFs by evaluating the annual probabilities of exceeding
various damage levels, expected annual losses, life-cycle costs
(under seismic hazard) and the economic benefit of using
SC-CBFs considering prevailing uncertainties. The results of
that study showed that the SC-CBF buildings have lower
drift-related losses but higher acceleration-related losses.

Self-centring concrete frames consist of concrete beams and
columns horizontally post-tensioned together so that a gap can
open at the beam-column interface when subjected to a
specific applied moment (Chancellor et al., 2014). The early
development of concrete self-centring frames came out of the
PC seismic structural systems (PRESSS) project during the
1990s (Priestley, 1991, 1996; Priestley et al., 1999). Self-
centring concrete frames have performed well in laboratory
seismic testing to limit damage to the structure, and have been
implemented in practice (e.g. Buchanan et al., 2011;
Englekirk, 2002). Rahman and Sritharan (2007) investigated
the seismic performance and performance-based design pro-
cedure for a hybrid frame reinforced with a combination of
mild steel and unbonded prestressing to establish connections
between precast beams and columns. In this research, the
seismic performance of two buildings satisfied the performance
limits under design-level earthquake input motions. Takeuchi
et al. (2015) proposed a non-uplifting spine frame system
with energy-dissipating members without PT strands; its self-
centring function was achieved by envelope elastic-moment
frames. The system was applied to an actual building con-
structed in Japan. Nikbakht et al. (2015) investigated
analytically the performance of self-centring precast segmental
bridge columns with shape memory alloy (SMA) starter bars
under non-linear static and lateral seismic loading. The results
indicated that, in high-seismicity zones, bridge columns with
SMA bars at a higher level of PT forces have a superior perfor-
mance against earthquake loading. Recently, many researchers
have investigated seismic retrofit schemes of structures using
self-centring systems (e.g. Cao et al., 2015; Naeem and Kim,
2018; NourEldin et al., 2019; Song and Guo, 2017)

In the current paper, a new and simple retrofit procedure is
proposed for selecting the required self-centring PC (SC-PC)

frame for seismic retrofit of an existing structure.
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The procedure predicts the required additional stiffness to meet
a prescribed limit state criterion and utilises it to select the
SC-PC retrofit frame. This means that the proposed procedure
utilises a performance-based instead of a force-based procedure
for predicting the additional stiffness required for retrofitting.
In addition, stiffness graphs are provided to select the appro-
priate retrofitting frame, which eliminates the trial-and-error
time. The procedure eliminates the use of any supplemental
energy-dissipating devices because it utilises the elastic
response of the structure during the earthquake excitation.
Also there is no need to conduct a non-linear time history
(NLTH) analysis; instead, the proposed procedure utilises a
pushover curve (POC) and demand spectrum only to predict
the drift of the structure. This reduces the computational cost

F. (compression in concrete)

Column ,"‘I‘ a] !‘_*]

IL (lever arm)

= . J ||
Beam \ I‘."‘I‘I

\1 Unbonded PT steel

Fpt (tension in PT tendon)

Fibre-reinforced

significantly. In the proposed retrofit scheme, a new exterior
SC-PC frame is attached with PT unbonded steel strands
running parallel to the beams of an existing structure
(Figure 1). Moreover, a new beam-end shape that doubles the
re-centring capacity at the beam-column interface is intro-
duced, and a parametric study is conducted to validate its
effectiveness.

Analytical modelling of the proposed

PC frame

In the proposed retrofit scheme, the moment capacity at the
beam—column interface is primarily dependent on the depth
of the PC beam. Typical PC beams have a rectangular
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Figure 1. Beam—column interface of the SC-PC retrofit frame: (a) conventional; (b) proposed; (c) implementation of the retrofitting

scheme
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cross-section throughout the length. In the current study, the
depth of the beam ends is enlarged, as shown in Figure 1. This
enlarged part will double the lever arm, which is the distance
between the centre of the concrete stress block and the PT
tendon. Therefore, if the depth is increased at the beam ends,
the moment capacity of the connection and the re-centring
force of the system increase proportionally without much
increase in the amount of PC concrete. Figure 1(c) shows the
retrofit scheme which can be implemented in practice. The
existing and the PC columns are connected by a steel anchor
rod, and a steel plate is used to tighten the anchor rod and to
distribute any additional stress on a larger area at the column
face. Commonly, the lateral resisting system lies in the outer
perimeter of buildings, and therefore the PC retrofit frames are
attached to the outside of the building. The hole diameter in
the RC and PC frames is the same as the anchor rod diameter
plus some tolerance to allow for a chemical adhesive grout.
A frictionless material with proper strength needs to be pro-
vided between the existing RC and the retrofit PC frames and
around the exposed part of the anchor rod to eliminate any
friction between the frames. The anchor rods serve as the main
link between the RC and the PC frames to ensure that the PC
frame is fully utilised when the RC frame starts to deform
laterally. After connecting PC columns to the existing struc-
tures, PC beams are placed on seat angles connected to the PC
columns, and then the PT steel tendons are placed to connect
the PC beams and columns and provide the re-centring
capacity.

The stress—strain relation of the PT tendon, which was orig-
inally recommended by Mattock (1979) and was used by Celik

Reinforcement

®

and Sritharan (2004) for Grade 270 prestressing strands, is
given in Equation 1.
1/836
ey |5 /
1+ (———
1-04 foy

where E,, is the elastic modulus of the prestressing steel; &y is
the strain in the PT tendon; and fp, is the yield strength of the
PT tendon.

1. Fy=enkyp 0~02+0~98/

The moment capacity of the beam—column connection, My,
is calculated by multiplying the force developed in the PT
tendon, Fy, by the distance to the resultant concrete com-
pression force, F¢, as shown in Figure 2. From equilibrium

24 FC - Fpt

Based on that, the moment capacity of the beam—column con-
nection is obtained as follows

3. Meup=Fy (hg—a)/2

where a is the depth of the equivalent rectangular compression
stress block corresponding to the compression force, which can
be determined using the following equation (ACI, 2014)

4. a=F./0-85f.b,

steel al |« | Fe
1 ]
/ ¢\ (hg —a)2
Column
hg
@ v et
Fot
Beam
Gap \'
o Unbonded PT steel

>

by

Section A-A

Fibre-reinforced
grout interface

B

Figure 2. A schematic view of the interface connection between beam and column under an applied moment
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where F is the concrete compression force; b, is the width of
the grout pad at the beam-column interface; and f¢ is the
unconfined concrete compression strength. At yield of the PT
tendon, M., can be calculated as

5. My = Fyy (hg —a)/2

The decompression point defines the beginning of a gap
opening at the connection interface and corresponds to the
condition when the stress in the extreme concrete compression
fibre reaches zero at the beam end adjacent to the column.
Accounting for the precompression introduced by the initial
prestressing force, and assuming a linear strain distribution at
the critical section, the following equation is used to determine
the moment resistance at gap opening, Mgecomp (Celik and
Sritharan, 2004)

6. Mdecomp :fpi 1/ (%)

where fy,; is the initial stress in the PT tendon; 7 is the moment
of inertia of the beam section based on the gross section prop-

erties; /1, is the height of the grout pad at the interface.

At the beam—column interface, a bilinear elastic spring is used
where the gap opening starts between the column and the
beam at the decompression level in the PT tendons. When the
applied moment exceeds Mgecomp, the gap increases and
the PT tendons start to elongate.

In order to prevent any potential failure at the horizontal face
of the enlarged part, reinforcement steel should be provided as
shown in section A-A in Figure 2. The minimum moment
expected to be resisted by this reinforcement should equal the
moment capacity (M) of the beam—column connection as
calculated above. One may select an approximate value of
tension reinforcement ratio p equal to or less than p;, but
greater than the minimum (ACI-318-14, item 10.5.1 (ACI,
2014)), where the reinforcement ratio p, is given by

7. p=0319.0/f

but it should not be less than

8. Pmin = 3@/]&’

The required steel area A is

9. A, =pbt

where ¢ is the distance shown in Figure 2 and f, is the steel
yield stress.

Proposed seismic retrofit procedure

In many countries some existing buildings have not been
designed based on seismic code provisions. Even buildings
designed for seismic loads may experience some non-linearity
before reaching the limit state provided by the seismic guide-
lines. The current research is targeting existing buildings that
can experience minimum non-linearity (formation of plastic
hinges at beam and column ends) and small residual drift.
In the current procedure, the inherent energy-dissipation
capacity of the un-retrofitted structure will be utilised
(formation of plastic hinges at beam and column ends).
The decision to add SC-PC frames for seismic retrofit is made
for two main reasons. First, the self-centring capability is
needed to eliminate the potential small residual drift in the
existing building. Second, the maximum response of the exist-
ing building needs to be limited to minimal or no non-linear
range.

In this section, a simplified procedure for designing the pre-
cast retrofit frame is presented and validated through case
studies. In the following sections, the elements of the proposed
procedure are discussed in detail. It is worth mentioning that
the proposed procedure depends primarily on modifying the
elastic stiffness of the existing building using the SC-PC frames
based on a prescribed drift limit state (e.g. the maximum inter-
storey drift ratio (MIDR)=1-0%). The additional stiffness
added by the SC-PC frames is calculated to achieve this target
MIDR wusing acceleration—displacement response spectra
(ADRS) for the combined building and SC-PC frames. The
proposed design procedure is as follows.

(a) Perform pushover analysis for a series of two-dimensional
(2D) SC-PC frames with a different number of storeys
and bays. Frame dimensions, beam and column
cross-sections and the PT tendons’ cross-sectional area
are chosen to be the most common values used for
building structures. Column width should be at least
equal to that of the beam to ensure that the concrete
compression stress block will be developed across the
whole width of the beam.

(b) Plot the relationship between the initial stiffness, the
number of storeys and the bay number for the SC-PC
frames only. Three points for each storey are enough to
draw a trend line.

(¢) Draw the POC of the un-retrofitted building structure
and obtain the initial stiffness of the structure. It is
assumed that the response of the structure is
dominated by the fundamental vibration mode.
Transform the POC of the un-retrofitted structure to a
capacity curve on ADRS format. The elastic
displacement demand Sy can be directly determined
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Figure 3. (a) Demand and capacity curves of the bare structure on ADRS format. (b) Flowchart of the proposed procedure
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(d)

from the pseudo-acceleration S, of the response
spectrum as

T2

10 Sd:m a

where T is the natural period of vibration of the
equivalent single-degree-of-freedom (ESDOF) system.
Obtain the performance point using the N2 method
(draw a radial line from the origin coinciding with the
linear elastic part of the capacity curve) using the equal
displacement rule. More details about the N2 method can
be found elsewhere (e.g. Fajfar, 2000).

Calculate the MIDR using the first mode shape of the
structure. The MIDR of the structure can be obtained
based on the maximum response of the ESDOF system
(i.e. the performance point of the ADRS format, which is
the intersection between the elastic demand curve and the
radial line) as follows

1. MIDR(MDOF) = Max (ru;fnax)w

where MDOF stands for multiple degree of freedom, umax
is the maximum displacement of the ESDOF; ¢; and ¢;
_1y are the amplitudes of the normalised mode shape at
level i and i— 1, respectively; /; is the storey height
between storeys i and i—1; and I is the modal
participation factor defined as follows

S mid;

12. TI'=
Z?/:l mich

where m; is the mass assigned to DOF i and &; is the
displacement amplitude at DOF i of the fundamental
mode shape normalised to have a unit maximum
amplitude at the roof.

J
Plastic hinges ]
at each beam
and colunm N b
end ] ]

Four floors @ 3-:3 m

Two bays @ 4-5 m
(@)

(e) Draw a vertical line in the ADRS format representing
the required MIDR (e.g. at S4 =69 cm); see Figure 3(a).
Obtain the performance point using the N2 method
(the intersection point of the vertical line and the
demand curve). Draw a line from the origin to the
intersection point of the vertical line with the demand
curve. This line coincides with the initial elastic part
of the required retrofitted structure. Calculate the
ratio (R) between the ADRS slopes of the two radial
lines, as show

13.  R=S5,/S

where Sy and S; are the slopes of the un-retrofitted
structure and retrofitted one on the ADRS format.

(f) Calculate the required stiffness of the retrofitted structure.
Assume that the conversion parameters between the
capacity curve on the ADRS format and the POC
(the modal participation factor) will be increased by 3%
to 5%. This assumption will be verified after constructing
the POC of the retrofitted structure.

14. K, =RK)

where K is the required initial stiffness of the retrofitted
structure; K| is the initial stiffness of the un-retrofitted
structure; and R is the ratio between the ADRS slopes of
the elastic radial lines of the retrofitted and un-retrofitted
structures.

(g) Calculate the required stiffness of one SC-PC frame
(one frame on each side of the building is assumed).

15, Kpc = (K; — Ko)/2

where Kpc is the required stiffness of one SC-PC frame.
(h) Using Kpc, obtain the appropriate number of bays and
storeys from the stiffness graphs using the trend line

Rotational
spring at each
beam-column

connection

Ny

Four floors @ 3:3 m

Two bays @ 4-5 m
(b)

Figure 4. 2D analysis model and the SC-PC frame for retrofit: (a) bare frame; (b) SC-PC frame
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equation on the graph or graphically by drawing a
horizontal line at the value of the required stiffness
(i) Draw the POC of the retrofitted building structure and
obtain its initial stiffness from the POC and compare it
with the calculated one. In addition, compare the
modal participation factor of the retrofitted and
un-retrofitted structures. The difference should be within
3 to 10% of the value for a bare structure. This step is for
checking only.
Calculate the maximum inter-storey drift ratio MIDR (%)
using the first mode shape of the retrofitted structure. The
fundamental mode shape is normalised with respect to
the roof displacement.

()

Figure 3(b) shows a flowchart of the proposed procedure. The
N2 method (Fajfar, 2002; Eurocode 8 (CEN, 2004)) combines
the pushover analysis of an MDOF model with the response

Table 1. Reinforcement details of 3D model structural elements

spectrum analysis of an ESDOF system. The method is based
on using inelastic spectra to avoid iterations when evaluating
the required demand response quantities. In general, the N2
method is suitable for structures dominated by the first mode.
Moreover, in the medium- and long-period ranges, the equal
displacement rule generally applies. That is, the displacement
of the inelastic SDOF system is equal to the displacement
of the corresponding elastic SDOF system with the same
period. Smooth, elastic response spectra are used to determine
the inelastic response spectra by using reduction factors,
which are consistent with elastic response spectra. It is
assumed that the distribution of deformations through the
structure in the POA approximately corresponds to what is
obtained from the dynamic analysis. The expected seismic
performance of the building can be assessed by comparing
the seismic demands with the capacities for the relevant
performance level.

Designation Dimensions: mm Longitudinal reinforcement Transverse reinforcement
Beam

B1 550 x 250 D19, 3 top and 3 bottom D10, 2 legs @ 200 mm
B2 500 x 350 D19, 6 top and 6 bottom D10, 2 legs @ 200 mm
B3 500 x 350 D19, 4 top and 4 bottom D10, 2 legs @ 200 mm
Column

c1 450 x 450 D19, 8 D10, 2 legs @ 200 mm
c2 400 x 425 D19, 8 D10, 2 legs @ 200 mm

Table 2. Variables and parameters required for the proposed procedure for the case studies

Parameter/variable 2D structure (enlarged beam)

e VID=41 kN/cm
(Sy/D) SyD=1/1-26
(Sa/V), factors to transform SJ/V=1/1283
the POC of the bare (two bays, four storeys)
structure to ADRS format
(Sa, Sq), the performance
point of the un-retrofitted

(0-38 g, 13-0 cm)

structure
MlDR(un-retrofitted) 1:6%
MlDR(required) 1-0%
(Sa, Sq), the required (0-7 g, 6-8 cm)
performance
R (0-7 g/ 6-8 cm)/(0-38 g/13-0 cm)=3-5
K. =3-5x 41 kN/cm=143-5 kN/cm
Kpc (143-5-41)=102-5 kN/cm

Number of bays 2 (K=104 kN/cm)
143-2 kN/cm
(143-2/143-5)=0-99
1-24/1-26=0-98
MIDR =0:84%

Kr(calc) = (V/D)

Kretrofitted (ca\c)/Krevofined (req)
ITretro)/ITun-retro)

MID R(retrofmed)A

Value of the parameter/factor

3D structure

3D structure (enlarged beam) (prismatic beam)

V/D =835 kN/cm
S¢/D=1/1-16

SV =1/2717

(nine bays, four storeys)

V/ID =835 kN/cm
S¢«/D=1/1-16
SSV=1/2717
(nine bays, four storeys)

(0-48 g, 9-:8 cm) (0-48 g, 9:8 cm)

1-26%
1-0%
(0-65 g, 6:9 cm)

1-26%
1-0%
(0-65 g, 69 cm)

(0-65 g/6-9 cmy/
(0-45 g/9-8 cm)=1-9

=1-9 x 835 kN/cm
=1605 kN/cm

(1605 —835)/2 =385 kN/cm

9 (for frame with nine bays on
four storeys, K=351 kN/cm)

(0-65 g/6-9 cm)/(0-45 g/9-8 cm)=1-9
=1-9 x 835 kN/cm = 1605 kN/cm
(1605 — 835)/2 =385 kN/cm

9 (for frame with nine bays on
four storeys, K=416 kN/cm)

1675 kN/cm 1560 kN/cm
(1675/1605)=1-04 (1560/1605)=0-97
1-2/1:13=1-06 1-22/1-13=1-08
MIDR=0-92% MIDR=1-0%
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Case studies

four-storey school building. In both cases, the modified beam

In this section, two case studies are carried out to verify the  section is utilised in the SC-PC frame. In addition, for com-

proposed design steps explained before. The first case study is ~ parison purposes, the 3D case is reanalysed using the conven-
a 2D frame model and the second is a three-dimensional (3D)  tional beam section in the SC-PC retrofit frame and the results

g 1000 £ 900
=84-333x + 50667
% 900 Two storeys y = 88-167x + 69-667 “5\’ 800 1 Two storeys y e+
. 800 U ] —
] —e— Four storeys g 700 Four storeys
£ 700 _ £ 600 Six storeys
< 600 Six storeys =
v v 500 1
5 °% 44:517x + 152 = 400
=44-517x + 15 4 =

© 400 y 2 -
9 2 300 e
£ 300 e 2 25-667x — 2-3333
£ 200 2001 e
S 100 8 100 A
£ o : : . . : : : . £ 0 : . : : : : : .

2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10

Number of bays Number of bays
(a) (b)

Figure 7. The stiffness graphs of the SC-PC frames: (a) proposed beam section; (b) conventional beam section
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Figure 8. ADRS format of the model structures: (a) 2D frame model using the proposed beam section; (a) 2D frame model using the
conventional beam section; (c) 3D structure using the proposed beam section; (d) 3D structure using the conventional beam section
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Table 3. List of the earthquake records used in the time history analysis

Model Earthquake no. Earthquake name

2D Tabas (Iran)

Cape Mendocino (CA, USA)
Landers (CA, USA)

Landers (CA, USA)

Kocaeli (Turkey)

Kocaeli (Turkey)

3D

wWN = WN =

are compared with those of the case using the modified beam
section to show its effectiveness.

The 2D case study structure

Figure 4 shows the analysis model of the 2D RC bare frame
and the SC-PC frame. The four-storey frame has beam
sections of 250x 500 mm and column sections of
400 x 450 mm in all storeys. Three longitudinal reinforcement
bars (D19) are used at the top and bottom of the beam, and
eight longitudinal reinforcement bars (D19) are used for the
column. Both beams and columns have D10 @ 200 mm trans-
verse reinforcement. The compressive strength of the concrete
is taken as 25 MPa and 280-grade steel is used for the
reinforcement bars. The moment frame is designed for gravity
loads, resisting a dead load of 7-0 kN/m? and a live load of
20 kN/m?. The sections are assumed to be in a cracked con-
dition and the moments of inertia of the beam and the column
sections are reduced to 40% and 70% of the values in a
nominal un-cracked condition, respectively. A modal damping
of 5% of the critical damping is used in the analyses, and
material non-linearity is accounted for by defining localised
plastic hinges at the ends of the structural elements. The analy-
sis model for beam elements is composed of two end rotation
type moment hinges defined based on ASCE/SEI 41-13
(ASCE, 2013). The hysteresis loops of the beams and columns
used in the dynamic analysis of the model structure are shown
in Figure 5. The non-linear static analysis required for the pro-
posed procedure is performed using SAP2000 (CSI, 2015)
software.

For the SC-PC retrofit frame (Figure 4(b)), the yield strength
of the PT tendons, f,, is 1757 MPa and the initial stress after
losses, fpi, is 820 MPa; grout strength is taken as 64-0 MPa
and the nominal compressive concrete strength, fi, is
34-0 MPa. Three tendons are used, each with a diamter of
12-7 mm; the width and depth of the beams and columns are
300 and 600 mm, respectively. The retrofit frame is connected
with the bare frame at each floor to maintain a rigid dia-
phragm at each level. Guidelines for such a type of connection
are given elsewhere (e.g. Rahman and Sritharan, 2007).

The 3D case study model structure
The SC-PC frame is applied for seismic retrofit of a four-storey
RC structure designed only for gravity loads based on the

PEER code Station Scale factor
RSN-138 Boshrooyeh 4-40
RSN-826 Eureka — Myrtle and West 2:93
RSN-862 Indio — Coachella Canal 3-85
RSN-838 Barstow 2-30
RSN-1148 Arcelik 290
RSN-1161 Gebze 1-60

assumption that it was built when no seismic design code was
applied. Figure 6 shows the structural plan of the 3D analysis
model structure. The SC-PC frame is aligned along the axes A
and C outside the structure, while being rigidly connected to
the existing structure at each floor level. The 3D structure has
four storeys and the height of each storey is 3-3 m; the sizes of
beams and columns are kept constant throughout the height
of the structure. Dead and live loads of 4-8 kN/m? and
2:5 kN/m?, respectively, are used in the structural design. The
concrete is assumed to have a nominal compressive strength,

1-8
m'|~6
5 14 ——Target
S120 . i
o 9.
o]
Lo
T O
3 0
I3

o 05 10 15 20 25 30 35 40 45 50

Period: s

Figure 9. Response spectra of the time history records and target
design spectrum (used for 2D model structure)

2-5
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Figure 10. Response spectra of the time history records and
target design spectrum (used for 3D model structure)
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/i, of 25 MPa and a unit weight of 23-5 kN/m®. The yield
stress of reinforcing bars, fy, is 340 MPa. Beam and column
reinforcement details are shown in Table 1. The building is
assumed to be located on the site class SD soil with the spec-
tral acceleration coefficients of Spg=0-70 and Sp;=0-38
based on ASCE 7-16 (ASCE, 2016) format.

Results of the case studies

In this section, the results of the 2D and 3D case studies for
seismic retrofit using the SC-PC frame are explained. Table 2
summarises the parameters required for the proposed pro-
cedure used in each case study. Figure 7 shows the graphs that
relate the stiffness, number of storeys and number of bays of
the SC-PC frames for two beam section cases: (a) proposed
(enlarged) beam sections; (b) conventional (prismatic) beam
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Figure 11. Roof displacement-time history of the 2D model with

the proposed beam-end shape of SC-PC frame

sections. The conventional beams have the dimensions of
300 x 600 mm, while the proposed beams have their ends
enlarged, as shown in Figure 1. Figure 8 shows the demand
and capacity curves of the model structures (2D and 3D case
studies) along with the radial elastic lines showing the elastic
behaviour of each case on the ADRS format.

Table 2 shows the variables and parameters required for the pro-
posed procedure for three different cases. Two cases are based
on the proposed beam-end shapes for the 2D and 3D models,
which are indicated in the table as 2D structure (enlarged
beam)’ and ‘3D structure (enlarged beam)’. The third case is
based on the conventional (prismatic) beam for the 3D model
only. Based on the information given in the table, the number of
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Figure 12. The MIDR of the 2D model structure retrofitted with
the SC-PC frame having the proposed beam-end shape subjected
to the selected earthquake ground motions
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bays required for the retrofitting of the 3D model is determined
to be nine with the characteristics of the SC-PC frame shown in
Figure 4(b). It is essential to note that the SC-PC frame charac-
teristics (tendon size, tendon yield strength, beam and column
dimensions, etc.) can be easily changed and reflected in the stiff-
ness graphs (i.e. Figure 7). Table 2 shows that the required
MIDR has been met for each case: 0-84, 0-92 and 1-0% for the
2D (proposed), 3D (proposed) and 3D (conventional) beams,
respectively. For comparison purposes, a different number of
bays (e.g. six bays and three bays) of retrofit frames using the
proposed beam end are investigated for the 3D model structure,
and the MIDR is found to be 1:02 and 1-15% for the six-bay
and three-bay structures, respectively.

Verification of the proposed methodology
using non-linear dynamic analysis

In this section, the results of the proposed procedure are
verified through a comparison with the NLTH analysis results.
The seismic performances of the retrofitted and bare structures
are evaluated for the 2D and 3D cases using the proposed
beam-end shape.

Earthquake records and response spectra
Non-linear
assessment is carried out using earthquake records obtained
from the Pacific Earthquake Engineering Research Centre
(PEER) NGA database (PEER, 2017). A different set of
ground motion records is used for the 2D and 3D models, as
shown in Table 3. Figures 9 and 10 show the design spectra
and the scaled response spectra of the earthquake records for
the 2D and 3D model structures, respectively. The records are
scaled to have a mean spectrum that matches the design
response spectrum at the natural period of the structure.

dynamic analysis-based seismic performance

The NLTH analyses of the model structures are performed
using SAP2000 (CSI, 2015) software. The beams and columns
of the original structure are modelled as member elements
with plastic hinges concentrated at both ends. Columns are
fixed at the base and all column and beams are rigidly con-
nected. For the SC-PC frame, the beams are modelled as
member elements with a multi-linear elastic link at both ends
of the beams. Columns are modelled as member elements and
are fixed at the base.

Seismic performance evaluation

Figure 11 shows the displacement—time history of the top floor
of the 2D model retrofitted with SC-PC frame using the pro-
posed beam-end shape subjected to the selected earthquake
ground motions. As can be seen, the retrofit scheme
almost eliminates the residual drift when compared to the
un-retrofitted case. Figure 12 shows the MIDR of the 2D
model structure for the selected earthquake ground motions.
The figure reveals that the self-centring scheme is quite effec-
tive in controlling the MIDR of the retrofitted frame. Almost
one-third of the MIDR is reduced for all cases of earthquake
records compared to the un-retrofitted case.

Table 4 summarises the maximum roof displacement, the
residual drift and the MIDR of the 2D and 3D models using
the proposed procedure and NLTH analysis. The average of
the three earthquake records is used for comparison with the
proposed method. As can be observed from the table, the
retrofit scheme was effective in reducing the maximum roof
displacement, the residual drift and the MIDR of the original
model. For example, maximum roof displacement is reduced
from 145-3 mm to 98-7 mm, the residual drift is reduced from
23-:3 mm to zero, and the MIDR is reduced from 1-5% to

Table 4. The response of the 2D and 3D models before and after the retrofit

Model Number of bays

2D
Un-retrofitted
Retrofitted with SC-PC enlarged beams

3D

Un-retrofitted

Retrofitted with SC-PC enlarged beams Three
Six
Nine

Retrofitted with SC-PC prismatic beams Three
Six
Nine

Maximum Residual
displacement: displacement:

mm mm MIDR: %
145-30 23-30 1-50
(NLTH) 98-70 0-00 1-10
Proposed 87-00 0-00 0-84
95-00 33-20 1-20
(NLTH) 88-00 1-80 110
Proposed 108-00 0-00 1-15
(NLTH) 70-10 0-80 0-80
Proposed 96-00 0-00 1-02
(NLTH) 60-00 2-80 0-72
Proposed 84-00 0-00 0-92
(NLTH) 96-70 0-60 1-20
Proposed 102-00 0-00 1-24
(NLTH) 84-70 1-50 1-00
Proposed 93-30 0-00 110
(NLTH) 62-70 1-30 0-70
Proposed 84-00 0-00 1-00
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1-1%. In addition, the results of the proposed method are
found to be in good agreement with the mean responses
obtained from the NLTH analysis. The percentage difference
between the static and the dynamic analyses is around 12% in
the case of maximum roof displacement and approximately
30% in the case of MIDR. The results are almost identical in
the case of residual drift.

For comparison purposes, three-bay and six-bay SC-PC frames
are applied for retrofit and the seismic performances are inves-
tigated. Figure 13 shows the MIDR of the 3D model structure
retrofitted with three-bay, six-bay and nine-bay SC-PC frames
subjected to the selected earthquake ground motions. It can be
observed that retrofitting the structure with nine-bay SC-PC
frames is much more effective than in the case of three-bay or
six-bay SC-PC frames in reducing the MIDR. Retrofit with a
nine-bay SC-PC frame results in MIDR value less than or
equal to 0-8%, which is suitable for satisfying the life safety
limit state. Owing to the plan asymmetry along the x (long)
direction of the 3D model structure, the centre of mass does
not coincide with the centre of stiffness. It is observed in the
analysis results that the maximum drift ratio between the two
corner points is 108, which is less than the criterion to be con-
sidered as a structure with torsional irregularity according to
ASCE 7-16.

Table 4 summarises the maximum roof displacement, the
residual drift and the MIDR results of the 3D frame using the
static (proposed method) and dynamic analyses. SC-PC frames
with three different numbers of bays are investigated using
the proposed beam-end shape. The same table summarises the
same analysis results obtained using the prismatic beams. The
table shows that, in the case of maximum roof displacement,
the retrofitted 3D model provides an upper bound for the three
cases (three-bay, six-bay and nine-bay SC-PC frame). The
un-retrofitted model has an average maximum roof displace-
ment of 950 mm from the earthquake records set; however,
this value is reduced to 88-0, 70-1 and 60-0 mm, respectively,
in the retrofitted structure with three-bay, six-bay and nine-bay
SC-PC frame. For the case of the SC-PC frame retrofit using
conventional beams, as shown in the table, these values are
96-7, 84-7 and 62-7 mm, respectively. This means that the ret-
rofit scheme using conventional prismatic PC beams provides
an upper bound for the maximum roof displacement for the
retrofit with the proposed beam shapes.

The residual drift, shown in Table 4, is reduced from 33-2 mm
for the un-retrofitted model to almost zero for the retrofitted
model. This is true for both the retrofit with conventional and
proposed beams. The average MIDR for the un-retrofitted
model is 1-:2%, which is reduced to 1-1, 0-8 and 0-7% in the
structure retrofitted with three-bay, six-bay and nine-bay SC-
PC frames, respectively, having the proposed beam shape.
However, these values are increased to 1-2, 1-:0 and 0-72%,
respectively, in the retrofitted structure with conventional
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Figure 13. MIDR of the 3D model structure retrofitted with
SC-PC frames having the proposed beam-end shape

prismatic beams. This indicates that, compared with the
MIDR of the structure retrofitted with conventional beams,
the MIDR of the structure retrofitted with enlarged beam
ends is reduced by 9-0, 25-0 and 2-8%, respectively, in the
structure with three-bay, six-bay and nine-bay SC-PC frames.
It can be observed that the relative effectiveness of the pro-
posed enlarged beam-end shape is more pronounced when
the overall stiffness (i.e. the number of bays) of the SC-PC
frame is small. Figure 14 shows the average values of the three
earthquakes for maximum displacement, residual displacement
and MIDR of the 3D model structure before and after retrofit.
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Figure 14. The average values of the three earthquakes for
(a) maximum displacement, (b) residual displacement and
(c) MIDR of the 3D model structure before and after retrofitting

Conclusions
The main findings of the current study are summarised as
follows.

m The SC-PC frames turned out to be effective in reducing
seismic response of the 2D and 3D low-rise RC structures,
which are not designed for seismic loads, by providing
both additional stiffness and self-centring force.

m The proposed design procedure, which is based on the
initial stiffness of the un-retrofitted structure and stiffness
graphs of the SC-PC frames, turned out to be simple and
convenient to predict the initial stiffness of the required
SC-PC frames for retrofitting.

m The proposed procedure was especially effective in
providing a retrofit scheme that eliminates the residual drift
of both the 2D and 3D case study structures.

m For the 2D case, the maximum roof displacement was
reduced from 145-3 to 98-7 mm, the residual drift
was reduced from 23-3 mm to zero, and the MIDR was
reduced from 1-5 to 1-1%. The results of the proposed
method were found to be in good agreement with the mean
responses obtained from the NLTH analysis, especially for
the residual drift.

m For the 3D case, the nine-bay SC-PC frames were found to
be more effective than the three-bay and six-bay frames for
reducing the MIDR. The average MIDR from the NLTH
analysis for the selected earthquake records showed that
the nine-bay SC-PC can limit the MIDR below 0-8%. This
is a preferable immediate occupancy limit state for
important structures such as schools, where stringent limit
states are usually applied.

m The enlarged SC-PC beam-end shape proposed in this
study contributed to enhancing the re-centring moment
capacity of the SC-PC frames more effectively compared
with the conventional prismatic beams.

m The non-linear dynamic time history analysis results
indicated that, compared with the MIDR of the structure
retrofitted with conventional beams, the MIDR of the
structure retrofitted with enlarged beam ends was further
reduced by 9-0, 25-0 and 2-8%, respectively, in the structure
with three-bay, six-bay and nine-bay SC-PC frames.

m In this study, the SC-PC frame was applied to seismic
retrofit of structures having small to medium natural
period with insignificant higher mode effect for applying
the equal displacement rule. Further research is needed for
the seismic retrofit of structures with significant
participation of higher modes.
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