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The objective of this study is to investigate analytically the effectiveness of different rehabilitation
patterns in upgrading the seismic performance of existing non-ductile reinforced concrete (RC) frame
structures. The study investigates the performance of two RC frames (with different heights representing
low- and high-rise buildings) with or without masonry infill when rehabilitated and subjected to three
types of ground motion records. The ground motion records represent earthquakes with low, medium
and high frequency contents. Three models were considered for the RC frames; bare frame, masonry-
infilled frame with soft infill, and masonry-infilled frame with stiff infill. Four rehabilitation patterns were
studied, namely: (1) introducing a RC shear wall, (2) using steel bracing, (3) using diagonal FRP strips
(FRP bracings) in the case of masonry-infilled frames, and (4) wrapping or partially wrapping the frame
members (columns and beams) using FRP composites. Incremental Dynamic Analysis was conducted for
the studied cases. The seismic performance enhancement of the studied frames is evaluated in terms of
the maximum applied peak ground acceleration resisted by the frames, maximum inter-storey drift ratio,
maximum storey shear-to-weight ratio and energy dissipation capacity.
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1. Introduction

The seismic behaviour of multistory frame structures has been
studied extensively in the last few decades due to their efficiency as
earthquake resisting systems. The multistory framed systems can
be categorised as reinforced concrete (RC) frames, masonry-infilled
frames, and wall-frame systems.

A large number of pre-1970 designed buildings used masonry
infill panels in their construction. Although the masonry infill
panels can be beneficial or detrimental to the seismic response
of the structure, they are not usually considered in the analysis
of frame structures. Moreover, pre-1970 design codes adopted a
strength-based philosophy, and hence once the ultimate strength
of the structure is reached, a non-ductile deterioration follows,
which reduces the energy dissipated by the structure and results
in a brittle failure. Performance-based (PB) seismic engineering
intends to decrease the probability of the brittle failure of
structures, and increase their energy dissipation capacity when
subjected to the design ground motions. Therefore, structures
designed according to old codes need to be strengthened to meet
the requirements of the performance-based design approach.

The seismic performance (performance level) is described
by designating the maximum allowable damage state (damage
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parameter) for an identified seismic hazard (hazard level). Perfor-
mance levels describe the state of a structure after being subjected
to a certain hazard level as: Fully operational, Operational, Life safe,
Near collapse, or Collapse [1,2]. Overall lateral deflection, ductility
demand, and inter-storey drift are the most commonly used dam-
age parameters. The five qualitative performance levels are related
to corresponding five quantitative maximum inter-storey drift lim-
its (as a damage parameter) to be: <0.2, <0.5, <1.5, <2.5, and
>2.5%, respectively. The hazard level can be presented by the prob-
ability of exceedence of 50, 10, and 2% in 50 years for low, medium,
and high intensities of ground motions, respectively. Fig. 1 shows
the typical seismic performance of existing non-ductile structures
versus structures designed according to performance-based seis-
mic engineering. From the schematic it can be seen that, upgrad-
ing the seismic performance of existing non-ductile structures can
be achieved by increasing the capacity of the structure with or
without reducing its drift. Increasing the capacity by reducing the
structure’s drift at the same peak ground acceleration (PGA) level
[depicted by arrow (A) in Fig. 1] can be achieved by increasing the
stiffness of the building, e.g. by using RC walls or steel bracings.
Increasing the structure’s ductility capacity without reducing the
drift at the same PGA level [depicted by arrow (B) in Fig. 1] can be
achieved by increasing the ductility capacity of the structural ele-
ments of the building without altering their stiffness, e.g. by using
FRP wrapping for columns and/or beams.

RC structural walls and steel bracings are effective lateral force
resisting systems that are considered as efficient methods for
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Fig. 1. Seismic performance of existing non-ductile structures and possible ways
of upgrading.

retrofitting existing structures. RC walls can provide the required
lateral stiffness and strength for resisting lateral loads due to
wind or earthquakes, and hence several research studies and
experimental work were done to investigate their behaviour under
lateral loads, and to enable the designers to predict their seismic
response in a certain building when subjected to a severe ground
motion. A steel bracing system also has several advantages which
make it another effective alternative to provide additional lateral
stiffness and strength to the structure. Steel bracings are easy to
apply, and they can be applied externally without disturbance
to the building occupants. The steel has high strength-to-weight
ratio, thus the additional mass added to the structure is less
compared to the case of introducing a RC structural wall.

Fibre-reinforced polymers (FRP) composite materials are con-
sidered to have a high potential in strengthening and rehabili-
tation of existing structures due to their high strength and ease
of application. Several FRP rehabilitation schemes have been pro-
posed and used for frame structure elements [3]. FRP composites
can be used by wrapping or partially wrapping the structural ele-
ments, such as columns and beams, to increase their ductility and
shear strength capacity [e.g. [4-10]]. In the case of masonry-infilled
frames, epoxy-bonded FRP overlays can be applied on the whole
surface of the infill or by using diagonal FRP strips (bracing) that
are anchored to the infill and frame elements [e.g. [11,12]].

The objective of this study is to investigate analytically the
effectiveness of different rehabilitation techniques in upgrading
the seismic performance of existing non-ductile RC frame struc-
tures designed according to pre-1970 strength-based codes. The
study investigates the performance of two RC frames (with differ-
ent heights) with or without masonry infill when rehabilitated and
subjected to three types of ground motion records. The heights of
the RC frames represent low- and high-rise buildings. The ground
motion records represent earthquakes with low, medium and high
frequency contents. Three models were considered for the RC
frames; bare frame, masonry-infilled frame with soft infill, and
masonry-infilled frame with stiff infill. The studied rehabilitation
patterns include (1) introducing a RC shear wall, (2) rehabilitating
using steel bracing, (3) rehabilitating using diagonal FRP strips (FRP
bracings) in the case of masonry-infilled frames, and (4) wrapping
or partially wrapping the frame members (columns and beams) us-
ing FRP composites. The study also investigates the effect of the
infill stiffness on the seismic performance of the structures. In-
cremental Dynamic Analysis was conducted for the studied cases
to evaluate the seismic performance enhancement of the reha-
bilitated frames. The seismic performance is assessed in terms of
the maximum applied peak ground acceleration resisted by the
frames, maximum inter-storey drift ratio, maximum storey shear-
to-weight ratio and energy dissipation capacity.

2. Properties of the selected ground motions

Tso et al. [13] examined the significance of the accelera-
tion/velocity (A/V) ratio of the ground motion record as a parame-
ter to indicate the dynamic characteristics of earthquakes. Three
sets of strong ground motion records were analysed with low,
medium and high A/V ratio. It was found that A/V ratio can be
used as a simple indicator for the frequency content of the ground
motion. In the current study, a set of nine far-field earthquake
records was selected for the analysis [13,14]. The ground motion
records represent earthquakes with low, medium and high fre-
quency contents. The properties of the selected ground motions
are summarised in Table 1. A similar set of ground motion records
were used to study the effectiveness of eccentric steel bracings in
the rehabilitation of low-rise RC frames by Ghobarah and Abou-
Elfath [15].

3. Properties of the selected buildings

Two RC frames designed according to a pre-1970 strength-
based code [16] are selected for this study. The frames are of
heights five and fifteen storeys to represent low- and high-rise
buildings, respectively. The frames are designed to carry a6 m wide
slab, assuming a frame spacing of 6 m and a live load of 2 kPa. The
storey height is 3.25 m and the total heights of the two frames are
16.25 and 48.75 m, respectively. The elevations of the two frames,
the concrete dimensions for the beams and columns, the steel
reinforcement and the reinforcement ratios are shown in Fig. 2. The
dimensions of the columns’ section and the steel reinforcement
ratios varied along the height of the frames according to the change
of axial load acting on each group of columns, while the beam
dimensions and reinforcement were assumed to be the same for
the entire frame. For existing frames, the compressive strength of
concrete was assumed to be f/ = 25 MPa and the yield strength
of steel was set to be f, = 400 MPa. The modulus of elasticity
for concrete was taken as 20 GPa and that of steel was taken
as 200 GPa. The concrete density was 24 kN/m> and concrete
Poisson’s ratio v was taken to be 0.15.

4. Existing structures and different rehabilitation schemes

5- and 15-storey existing frames representing low- and high-
rise buildings, respectively, were studied. For both frame heights,
bare and masonry-infilled frames were considered in the analysis.
To investigate the effect of infill stiffness on the seismic response
of the frames, two different masonry infill types with different
stiffnesses were considered. The infill stiffnesses represent soft
and stiff infills. The three types of existing frames (bare, with soft
masonry infill, and stiff masonry infill) were rehabilitated using
four techniques; the first was by demolishing the masonry panel
in the middle bay and introducing a RC wall. The RC wall used was
6 m long, and has a thickness of 200 mm for the 15-storey frame,
and a thickness of 100 mm for the 5-storey frame that represents a
RC wall every other frame. The steel reinforcement ratio was taken
0.015 for both walls. The wall dimensions and steel reinforcement
ratio were assumed to remain constant along the wall height.
The second rehabilitation technique was by introducing steel
X-bracings in the middle bay along the full height of the frames.
The 5- and 15- storey frames were rehabilitated using HSS 219 x
6.4 and HSS 273 x 11 braces, respectively. The maximum tensile
strength for the steel material F, was taken as 350 MPa.

The third rehabilitation technique was by applying FRP bracings
on the three panels of the frame along the full height, in which they
are anchored to the infill and to the concrete members. The case of
applying the X-FRP bracings to the intermediate panel only was
also studied. The forth rehabilitation technique was by wrapping
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Table 1
Properties of the selected ground motions [14].

No. Earthquake Site Date A(g) V (m/s) AlV Duration (s) Soil condition
(gs/m) Level
1 Lower California El Centro Dec. 30, 1934 0.160 0.209 0.766 90.36 Stiff soil
2 San Fernando, Cal. 2500 Wilshire Blvd., LA Feb. 9, 1971 0.101 0.193 0.518 Low 25.32 Stiff soil
B Long beach, Cal. LA Subway Terminal Mar. 10, 1933 0.097 0.237 0.409 99.00 Rock
4 San Fernando, Cal. 234 Figueroa St., LA Feb. 9, 1971 0.200 0.167 1.198 47.10 Stiff soil
5 Kern County, Cal. Taft Lincoln School Tunnel July 21, 1952 0.179 0.177 1.011 Med. 54.42 Rock
6 Imperial Valley El Centro May 18, 1940 0.348 0.334 1.042 53.76 Stiff soil
7 Lytle Creek, Cal. 6074 Park Dr., Wrightwood Sep. 12, 1970 0.198 0.096 2.063 16.74 Rock
8 Parkfield, Cal. Cholame, Shandon June 27, 1966 0.434 0.255 1.702 High 44,04 Rock
9 San Francisco Golden Gate Park Mar. 22, 1957 0.105 0.046 2.283 39.88 Rock
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Fig. 2. Elevations of the 5- and 15-storey studied frames.

the columns laterally with FRP composites, while the beams were
rehabilitated using FRP U-wraps near their ends. A total of fourteen
cases were studied for each of the 5- and 15-storey frames; the
cases of existing, rehabilitated with RC wall, rehabilitated with
steel bracings, rehabilitated with FRP bracings, and rehabilitated
columns and beams with FRP wrapping were studied for the bare
frame, soft infill, and stiff infill frame models. Fig. 3 shows the four
studied rehabilitation schemes assembled in one figure.

5. Nonlinear models used in the time history analyses

Non-linear dynamic analyses were conducted for the 5- and 15-
storey frames with different rehabilitation schemes. A computer
software for three dimensional nonlinear and dynamic structural
analysis CANNY [17] was selected for the analyses. The mass of
each floor was lumped at the column joints according to the
tributary areas. The frame joints were assumed to be rigid and rigid
zones were applied at the ends of each member. P-delta effects
were considered in the analyses. Fig. 4 shows the idealisation
of different members of the studied frames assembled in
one figure.

5.1. Modelling of existing beams and columns

The beams and columns were modelled as linear elastic
elements with two inelastic single-component flexure rotation
springs located at the ends of the member. The Deterioration
Model CP4 [17] was used to model the nonlinear flexure rotation
spring, which allows a representation of the combined flexural
and shear backbone curves with a parameter that controls
the displacement ductility capacity after which the postpeak
degradation of the element occurs. The lateral force-displacement
ductility relationship of the columns and beams of the existing
frames was assumed to have limited displacement ductility, w4,
equal to 2, which is followed by a quick reduction in the lateral
load resistance due to the onset of shear failure. The post-peak
degradation in strength occurs through a displacement equivalent
to the yield displacement up to a residual force of 0.3 of the
ultimate load capacity. The hysteretic behaviour of the model CP4
is shown in Fig. 5.

5.2. Modelling of masonry infill

Madan et al. [18] and Dolsek and Fajfar [19] studied the
behaviour of masonry infilled RC frame structures. In their



1958 H. El-Sokkary, K. Galal / Engineering Structures 31 (2009) 1955-1966

Steel bracings

FRP wrapping of —ff
beams and columns’

X

WK

Y/
XX

/

Y

Masonry infill
(if applicable)

0

V' \/
A’A

X

RC wall FRP bracings

3£ Symm.

04

XX

A

/

]
/)| 7

4 7
Fig. 3. The four studied rehabilitation schemes.

models, the masonry infill panel was represented by two diagonal
compression struts, while the tensile strength of masonry was
neglected. The hysteretic behaviour of the compression strut
was defined using a trilinear model that is able to represent
the cracking and the ultimate strength followed by strength
degradation. In the current study, the unrehabilitated infill panels
were modelled using the compression strut model. The properties
of the compression strut were chosen based on Ozcebe et al. [11],
and they were scaled to match the panel dimensions of the studied
frames. Two different masonry infill types with different stiffnesses
were considered, representing soft and stiff infill, to investigate the
effect of infill stiffness on the response of structures. Fig. 6 shows
the axial stress—axial strain relationship for the compression struts
of the two types of infill. The hysteretic parameters used for the
infill models are shown in Table 2.

5.3. Modeling of RC wall

The RC wall was modelled using the CANNY panel element. The
panel element has four nodes at the corners in addition to a node

Table 2

Hysteretic parameters for the masonry infill models.

Parameter Soft infill Stiff infill
Maximum strength (MPa) 3.30 3.70
Initial stiffness (GPa) 9 27
Maximum strain 0.003 0.003
Unloading stiffness degradation (y) 0.5 0.1
Inner loop stiffness reduction (¢) 1.0 1.0
Post-peak stiffness (GPa) —0.072 —0.072
Table 3a

Parameters used for the concrete model CS2.

Parameter Value
Strain at maximum compressive strength 0.002
Compression post-peak residual/max capacity ratio A 0.4
Ultimate strain/strain at maximum compressive strength ratio 1.75
Post-peak unloading stiffness parameter y 0.2
Tension descending part after tension crack © 3.0
Table 3b

Parameters used for the steel model SS3.

Parameter Value
Skeleton curve parameters v and x 1.0, 1.0
Post-yielding parameter 8 0.01
Parameter ¢ to direct unloading 0
Unloading stiffness degrading parameter y 0.2
Unloading control parameter 0 0.75

at the mid points of the top and bottom boundaries (Fig. 4). The
adjacent panels have compatible deformations at their common
three nodes that are connecting them. A multi-axial spring model
was used to represent the flexural and axial tension/compression
interaction of the panel elements. A bilinear model CS2 [17]
was used to represent the force-deformation relationship for the
concrete springs, while the trilinear/bilinear model SS3 was used to
represent the steel material. Fig. 7 shows the hysteretic behaviour
for the concrete model CS2 and the steel model SS3. Tables 3a and
3b show the values for the parameters used for the models CS2
and SS3, respectively. For the modelling of the RC walls, the shear
deformations were assumed to be linear. A similar representation
for RC walls was used in the analysis of lightly reinforced concrete
walls subjected to near-fault and far-field ground motions [20].

5.4. Modelling of steel bracing

The steel braces were modelled as axial tension/compression
struts. The Buckling Model STB [17] was used to represent the
hysteretic behaviour of the bracing member. The model STB is able
to represent the reduction in the maximum compressive strength
due to increasing the number of load cycles as was observed by
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Fig. 4. Idealisation of different members of the studied frames (generic).
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Table 4
The properties of steel braces used for low- and high-rise frames.

5-storey 15-storey
Section HSS 219 x 6.4 HSS 273 x 11
Area (mm?) 4240 9160
Slenderness ratio (1) 90 74
Fy (kN) 1696 3664
F./F, 0.335 0.396

Jain et al. [21] in their experimental tests on steel braces. The main
input data for the model is the yield tensile strength of the member
and the effective slenderness ratio which controls the value of
maximum compressive strength. The hysteretic behaviour of the
Buckling Model STB is shown in Fig. 8. Table 4 shows the properties
of the steel braces used in the analysis. A similar model was used by
Ghobarah and Abou-Elfath [15] to investigate the effectiveness of
the eccentric steel bracing in rehabilitation of RC frame structures.

c 4(A=1.0)

5.5. Modelling of FRP bracing

Ozcebe et al. [11] proposed an analytical representation to pre-
dict the behaviour of masonry-infilled frames when rehabilitated
with FRP bracings. The analytical model was correlated to the ex-
perimental tests carried out at Middle East Technical University
(METU, Turkey) on a number of two-storey masonry-infilled frame
specimens rehabilitated with different patterns of FRP, and sub-
jected to cyclic displacement excitations at the storey levels. A
similar uniaxial model for the FRP bracings was used in the cur-
rent study. Fig. 9 shows the axial stress-axial strain relationship
for the tension strut of FRP bracings. The FRP bracings were mod-
elled as uniaxial tension struts with maximum axial strain of 0.003
and maximum axial stress of 190 MPa. These values took into ac-
count the characteristics of carbon FRP, plaster, infill, as well as the
effect of FRP delamination and failure of anchor dowels that was
observed during the tests at METU. The models used for the ma-
sonry infill and FRP bracing were verified using the results of the
experimental tests carried out at METU, and the results of the an-
alytical model using CANNY were matching the experimental re-
sults for the unrehabilitated and rehabilitated specimens, and for
both static pushover and dynamic analyses. Similar models for the
masonry infill and FRP bracings were used in the analytical study
conducted by Binici et al. [22] to simulate the behaviour of FRP
strengthened infill walls.

5.6. Modelling of rehabilitated columns and beams with FRP wrapping

For this rehabilitation scheme, the columns were rehabilitated
by wrapping them laterally with FRP composites, while the
beams were rehabilitated using FRP U-wraps near their ends. The
force-displacement ductility backbone curves for the existing and
rehabilitated frames using FRP wrapping are shown in Fig. 10.
The number and thicknesses of FRP wraps needed for columns
and beams to reach the targeted displacement ductility level
can be designed according to the equations proposed by Monti
and Liotta [23] for the FRP U-wrapped beams, and by Galal [24]
for the FRP wrapped columns. The FRP content used in the
rehabilitation of the structural elements intended to increase their
energy dissipation capacities and displacement ductility, w4, to
be equal 6.0 (compared to 2.0 in case of existing members). The
displacement ductility values of 2.0 and 6.0 were chosen based on
the experimental work done by Memon and Sheikh [25] in which
they found that the displacement ductility for the existing columns
ranged between 1.3 and 3.7, while the displacement ductility for
columns rehabilitated using glass FRP ranged between 4.7 and
6.8. Also, it is worth noting that the product of the ductility and
overstrength factors, Ry.R,-defined by the National Building Code
of Canada [26] to relate the linear elastic to nonlinear ductile

Concrete material model (CS2)

Steel material model (SS3)

Fig. 7. Hysteretic models of the concrete and steel fibres for the wall element [17].
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response- is equal to 2.6 and 7.5 for the limited ductility and ductile
RC moment resisting frames, respectively.

Fig. 10 also shows that strength degradation due to the shear
failure was considered in the element’s lateral force-displacement
ductility backbone curve. For the rehabilitated frame members, the
post-peak degradation in strength occurs through a displacement
equivalent to two times the yield displacement up to a residual
force of 0.5 of the ultimate load capacity. For the models of
the existing frame members and the rehabilitated ones using
FRP wrapping, the unloading stiffness degradation factor, y, was
taken as 0.1, while the inner loop stiffness reduction factor, &,
was assumed to be 1.0. It is worth noting that the equations
proposed by Monti and Liotta [23] for the design of FRP U-wrapped
beams took into account the FRP delamination, as these equations
were obtained based on their experimental work in which FRP
debonding were observed at beam failures.

Modal analysis was conducted for the 5- and 15-storey frames
for different rehabilitation schemes, and 5% damping ratio was
considered. Table 5 shows the modal analysis results for the
studied cases. It should be noted that, for the same building

height, the existing structure and the rehabilitated one using FRP
wrapping have the same natural period. This is due to the fact that
the initial stiffness of the member before cracking was assumed to
be the same for the existing and rehabilitated members.

6. Analysis results

6.1. Maximum applied peak ground acceleration (PGA)

Nine earthquake records were applied to the studied frames.
The ground motion records represent a sample of earthquakes with
low, medium and high frequency contents. In the analyses, the
maximum earthquake intensities that can be resisted by both 5-
and 15-storey frames were evaluated for different rehabilitation
schemes and earthquake records. Fig. 11 shows the maximum
PGA resisted by different rehabilitation patterns and different infill
stiffnesses for low- and high-rise frames. The figure shows the
average value for the PGA capacity for earthquakes with low,
medium and high frequency contents (A/V ratio). This is useful to
evaluate the effect of earthquake frequency content on the seismic
behaviour of the studied frames. The figure also shows the average
PGA capacity value for all earthquakes. From the figure, it can be
seen that the use of FRP bracings increases the maximum PGA
resisted by both low- and high-rise frames, while rehabilitating
the frames using RC wall or steel bracing has resulted in a higher
PGA capacity compared to FRP bracings. The figure also shows that
rehabilitating the columns and beams using FRP-wrapping is an
efficient technique in increasing the PGA capacity of the frames,
especially for high-rise buildings. For the effect of the earthquake
frequency content on the seismic behaviour of RC structures, it
can be noted that the PGA capacity was significantly dependent on
the frequency content of the ground motion. The maximum PGA
resisted by the 5- and 15-storey frames increased with the increase
of A/V ratio of the selected ground motions, and this correlated well
with the mean acceleration response spectra for the three A/V ratio
groups studied by Tso et al. [13].

6.2. Maximum inter-storey drift

In the analytical model of the studied frames, a supernode was
defined at each floor level which represents a rigid diaphragm in
the horizontal plane (RC slab). This node would control the lateral
displacement of other frame nodes in the same floor [17]. The
lateral displacement of the supernode at each level was obtained
(master displacement), and the interstorey drift (I.D.) ratio was
calculated at each floor by dividing the difference in the lateral
displacement of two successive floors over the storey height.
Fig. 12 shows the maximum LD. ratio capacity (defined as the
maximum L.D. ratio calculated when the frame was subjected to the
maximum PGA that can be resisted) for the 5- and 15-storey frames
for different rehabilitation schemes and different infill stiffnesses.
From the figure, it is noted that FRP bracings have a negligible
effect on the maximum I.D. ratio capacity, which matches the
experimental test results carried out in METU [11]. On the other
hand, rehabilitating the frames using RC wall or steel bracing
resulted in areduced maximum I.D. capacity. This can be attributed
to the fact that adding the RC wall or steel bracing increased the
stiffness of the structure. It should be noted that for the three
above-mentioned rehabilitation schemes, the failure occurred in
the non-ductile columns and beams of the existing frame. It can be
seen from the figure that, the maximum L.D. ratio capacity is high
for the rehabilitated frames using FRP wrapping for both low- and
high-rise frames, which leads to a more ductile structure with a
higher LD. ratio capacity.

The figure also shows that for a certain building height (i.e. low-
or high-rise), and certain dynamic and hysteretic properties of the
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Table 5
Natural periods for the studied frames (s).
No. of Bare frame Soft infill frame Stiff infill frame
storeys
Existing + RC + Steel + FRP- Existing + RC + Steel + FRP + FRP- Existing + RC + Steel + FRP + FRP-
wall bracing wrapping wall bracing bracing  wrapping wall bracing bracing  wrapping
5 1.01 0.38 0.59 1.01 0.39 0.28 0.35 0.38 0.39 0.22 0.21 0.21 0.21 0.22
15 2.49 1.52 1.75 2.49 1.38 1.19 1.28 1.36 1.38 1.04 1.02 1.04 1.04 1.04
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Fig. 11. Maximum PGA resisted by low- and high-rise frames.

building, the maximum LD. capacity slightly changed with respect
to the change in the earthquake properties (A/V ratio). This was not
the case for the maximum PGA capacity of the structure which was
affected by the earthquake frequency content as shown in Fig. 11.
This justifies the validity of using the maximum inter-storey drift
ratio as a uniform and reliable damage parameter that can be
used to judge the performance of rehabilitated structures. The
performance levels that represent the damage degree of a structure
in terms of inter-storey drifts as recommended by SEAOC [1] and
FEMA [2] are also depicted in the figure.

Fig. 13 shows the PGA-1.D.,.x capacity curves of the existing
5- and 15-storey frames with soft infill when rehabilitated using
different rehabilitation patterns. From the figure, it can be seen
that rehabilitating the frames with FRP bracings resulted in a
decrease in the maximum LD. ratio for a certain PGA level when
compared to the existing frames. While for the same PGA level,
rehabilitating the frames using RC wall or steel bracing decreased
the value of maximum LD. significantly compared to the use of
FRP bracings. It is worth noting that the rehabilitation scheme
using steel X-bracing resulted in a significant increase of axial
force on the existing columns at the lower stories, which indicates
the importance of strengthening the existing columns (e.g. by
jacketing them) to increase their axial capacity in order to be able
to tolerate the axial force accompanied by the lateral loads due
to the introduction of steel braces, also retrofitting of foundation
might be needed. The figure also shows that rehabilitating the
frames using a FRP wrapping did not decrease the value of
maximum LD. ratio at the same PGA level significantly but it
increased the maximum PGA and maximum I.D. ratio capacities for
the structure.

Fig. 14 shows the distribution of inter-storey drift ratio along
the height of the 5- and 15-storey frames with soft infill when

subjected to the scaled El Centro earthquake record. The figure
shows the effectiveness of each rehabilitation scheme in reducing
the value of the maximum L.D. ratio. From the figure, it could be
seen that rehabilitating the existing frame by introducing a RC wall
or steel X-bracings resulted in a different profile of I.D. compared
to other rehabilitation techniques. This could be attributed to
the fact that the deformations of the moment resisting frame
are characterised by shear beam behaviour, while the RC wall
and steel X-bracings deformations are characterised by flexural
beam behaviour. It should be noted that, the I.D. profile associated
with the rehabilitation scheme of introducing a RC wall or using
steel X-bracings has the advantages of having lower maximum
I.D. (in comparison to other rehabilitation schemes), and that
the maximum I.D. occurs at a higher level of the building. The
latter would reduce the additional nonlinearities resulting from
P-A effects.

6.3. Maximum storey shear

Fig. 15 shows the maximum storey shear-to-the total struc-
ture’s weight ratio (average demand for the nine earthquakes)
obtained for low- and high-rise frames. It can be seen that reha-
bilitating the frames using RC wall or steel bracing attracts higher
forces due to the increase of stiffness, which results in a reduc-
tion in the natural period of the structure. The figure shows also
that the presence of masonry infill leads to a stiffer structure and
hence increasing the demand, thus highlighting the importance of
inclusion of infill models in the analysis of masonry-infilled struc-
tures. It can also be seen that the rehabilitation using FRP wrapping
did not increase the storey shear demand significantly. This can be
attributed to the fact that FRP wraps do not contribute to the struc-
ture stiffness, but they increase the ductility capacity of the struc-
tural elements of the building without altering their stiffness.
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Fig. 12. Maximum inter-storey drift ratio capacity for low- and high-rise frames.
6.4. Energy dissipation capacity

Energy dissipation capacity is an important indicator of the
structure’s ability to withstand severe ground motions. This
parameter can be determined from the area enclosed by the
hysteretic loops of the load-deformation relationship as shown
in Fig. 5. Fig. 16 shows the maximum energy dissipated by the
5- and 15-storey frames for different rehabilitation patterns and
the two infill stiffnesses. It can be seen that for low-rise frame,
rehabilitating the frame using a RC wall or steel bracing dissipated
higher energy than the case of FRP bracings or FRP wrapping, which
indicates that the introduction of a RC wall will be more efficient
in resisting the lateral loads than the use of FRP bracing or FRP
wrapping, yet this solution will be impractical if the building was
occupied while rehabilitation. In that case the steel bracing, FRP
bracing or FRP wrapping could be alternative solutions. The figure
also indicates that for the studied high-rise frame, wrapping the
columns and beams using FRP will dissipate higher energy than
introducing a RC wall, steel bracing or FRP bracings.

7. Importance of accounting for the masonry infill in the
analysis

Masonry infill can significantly improve the seismic response
of structures or, on the contrary, they can cause unexpected
damage. Therefore, the influence of masonry infill on the seismic
performance of structures should not be overlooked. In this study,
the selected frames were analysed for the cases of neglecting
(bare frame) and accounting for the presence of the masonry
infill (soft infill and stiff infill), and the response was compared
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Fig. 13. Capacity curves of the 5- and 15-storey frames with soft infill.

in both cases. Fig. 17 shows the PGA-1.D.,.x curve for the 15-
storey frame rehabilitated using FRP bracings and using a RC wall
in case of ignoring or accounting for the masonry infill. From the
figure, it can be seen that at the same level of PGA, the presence
of masonry infill reduces the 1.D. ratio which represents a better
seismic performance of the structure according to the SEAOC [1]
criteria. Figs. 11, 12, 15 and 16 show the bare frame’s response
compared to that of the masonry infilled frames. It can be seen that
accounting for the masonry infill in the analyses has improved the
performance of the 5- and 15-storey frames, especially for energy
dissipation capacity. On the other hand, it should be noted that
the current model is not capable of representing some of the non-
ductile failures that can occur due to the presence of infill, such as
short column mechanism at the column ends.

8. Effect of number of rehabilitated bays for the case of FRP
bracings

For the case of rehabilitation using FRP bracing, the effect of
the number of rehabilitated bays was investigated. The selected
frames were studied in case of rehabilitating the intermediate bay
only, compared to rehabilitating the three bays using FRP brac-
ing. Table 6 shows the performance parameters of the 5- and
15-storey frames with different infill stiffnesses, when rehabili-
tated using one bay or three bays of FRP bracings. It can be seen that
rehabilitating the whole frame resulted in a better performance
than rehabilitating one bay only. In that case, cost analysis should
be considered in order to decide on the most economical choice.

9. Effectiveness of rehabilitating a limited number of the
structure’s frames versus rehabilitation of all frames

Figs. 13 and 16 show that the FRP wrapping rehabilitation
scheme is efficient in increasing the maximum PGA, I.D. and energy
dissipation capacities, especially for high-rise frames. From Fig. 13,
it was noticed that the FRP wrapping scheme did not reduce the
value of maximum LD. at a certain PGA level (as was the case
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Fig. 16. Maximum energy dissipated for low- and high-rise frames.

for other rehabilitation schemes) but it increased the PGA and
L.D. capacities of the rehabilitated buildings. This behaviour was
observed more in the 15-storey building. This could be attributed
to the fact that FRP wrapping did not contribute to the stiffness of

the structure like the other three studied rehabilitation schemes
did, but it rather increased the ductility of the rehabilitated
structure. This led to the importance of investigating the effect
of the rehabilitation scheme on the seismic performance of the
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Table 6

Effect of number of bays rehabilitated with FRP bracing on the seismic performance of the frames.

No. of storeys Infill type No. of rehabilitated bays Max. PGA (g) Max. I.D. (%) Storey shear /weight Max. Energy (kN m)
Soft 1 bay 0.64 1.09 0.245 361
s S 3 bays 0.71 1.09 0.333 490
Stiff 1 bay 0.50 0.79 0.202 684
3 bays 0.58 0.72 0.251 598
Soft 1 bay 0.98 1.18 0.12 1391
15 Storey 3 bays 1.14 1.21 0.15 1884
Stiff 1 bay 0.79 1.14 0.10 964
3 bays 0.95 1.17 0.13 1323

studied 15-storey building when a limited number of frames
(in the direction of ground motion) were rehabilitated using one
of the studied four rehabilitation schemes while the other frames
remained without rehabilitation. In this section, two different
cases were considered as shown in Fig. 18. The first case is
when all the building frames were rehabilitated using one of the
studied four rehabilitation schemes. For modelling of this case, two
identical frames with soft infill were connected using rigid links

at the floor levels representing the diaphragm action of the RC
slabs. The second case is when every other frame of the building
frames was rehabilitated. In this case, each frame model of the
15-storey rehabilitated building (i.e. frame with RC wall, with steel
bracing, with FRP bracing, and with FRP wraps) with soft infill was
linked to the existing frame model. The frames’ model for the above
mentioned two cases was subjected to the nine ground motion
records selected for this study.
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Table 7
Rehabilitation of all the building frames versus rehabilitation of half the building frames.
Analysis results (per Case 1: Rehabilitation of all building frames Case 2: Rehabilitation of half the building frames
two frames)

Existing RC structural  Steel X-FRP FRP Existing + RC Existing + Existing + Existing + FRP

wall bracing bracing wrapping  structural Wall steel X-FRP bracing wrapping
bracing

PGA capacity (g) 0.94 1.19 1.15 1.14 2.18 1.11 1.25 1.03 0.96
1.D. capacity (%) 1.16 0.99 1.04 1.21 4.42 0.98 1.06 1.18 1.16
Max. storey 0.11 0.40 0.28 0.15 0.15 0.28 0.22 0.13 0.12
shear/weight
Energy dissipated 2360 6340 5340 3760 8700 5020 5010 3000 2520
(kN m)

Table 7 shows the results of the nonlinear dynamic analyses
for the two studied cases (case of rehabilitation of all the building
frames, and case of rehabilitation of half the building frames)
for the studied high-rise building. From the table, it can be seen
that rehabilitating half of the building frames using RC walls,
steel bracing or FRP bracing improved the behaviour of the whole
structure to different degrees. On the other hand, rehabilitating
half of the building frames using FRP wrapping did not result
in a significant enhancement in the whole structure response.
This was expected due to the fact that FRP wraps increase the
ductility capacity of the frame members without significantly
altering their stiffness. Therefore, rehabilitating individual frames
of the structure using FRP wraps will not be efficient since
the global behaviour of the structure will be controlled by the
nominally ductile (unrehabilitated) frames. In this case, the FRP
rehabilitated frames will not be able to reach their capacity because
the maximum L.D. capacity of the existing frame is considerably
smaller than that of the FRP-wrapped frames. Consequently, it can
be concluded that in case of rehabilitation using FRP wraps, all
the structure’s existing frames should be rehabilitated in order
to effectively enhance its seismic performance (i.e. PGA, 1.D., and
energy dissipation capacities). On the other hand, rehabilitating
half of the building frames using RC wall, steel X-bracing, or
X-FRP bracing was found to be efficient in enhancing the seismic
performance of the studied building.

10. Conclusions

The effectiveness of different rehabilitation patterns in upgrad-
ing the seismic performance of existing non-ductile RC frame
structures was evaluated. The frames were rehabilitated using four
different techniques; (1) introducing a RC wall, (2) introducing
steel X-bracings, (3) using FRP X-bracings, and (4) by wrapping
the structural members (beams and columns) using FRP compos-
ites. Two different masonry infill types with different stiffnesses
(soft and stiff infill) were considered in the analyses. The bare
frames ignoring the effect of masonry infill were also studied. Non-
linear dynamic analysis was conducted for the existing frames and
the rehabilitated ones when subjected to three types of ground
motion records. The ground motion records used were selected
to represent earthquakes with low, medium and high frequency
contents. The seismic performance enhancement of the analysed
frames was evaluated based on the maximum applied peak ground
acceleration resisted by the frames, maximum inter-storey drift ra-
tio, maximum storey shear-to-weight ratio and energy dissipation
capacity. The importance of accounting for the masonry infill on
the seismic behaviour of structures was also investigated.

The conducted analyses have resulted in the following conclu-
sions:

1. For the studied low-rise frame, introducing a RC wall increased
the PGA capacity, storey shear demand, and energy dissipation
capacity while rehabilitating the columns and beams of the
structure using FRP wrapping increased the I.D. ratio capacity.

2. For the studied high-rise frame, introducing a RC wall increased
the storey shear demand, while rehabilitating the columns and
beams of the structure using FRP wrapping increased the PGA,
I.D., and energy dissipation capacities.

3. For a certain building height (i.e. low- or high-rise) and
certain dynamic properties of the building, the maximum inter-
storey drift capacity is slightly influenced by the earthquake
properties. This justifies the validity of using the maximum
inter-storey drift as a uniform and reliable damage parameter
that can be used to judge the performance of rehabilitated
structures.

4. Accounting for the presence of masonry infill in the analytical
model has decreased the maximum I.D. ratio and increased the
energy dissipation capacity of the frames. Hence, ignoring the
effect of masonry infill would lead to under-estimation of the
seismic performance of structures.

5. For the case of the FRP wrapping rehabilitation technique,
all the structure’s existing frames should be rehabilitated in
order to achieve the ductility level required for the seismic
enhancement of the structure.

6. For the other rehabilitation techniques, rehabilitating a limited
number of the structure’s frames was found to be efficient. The
number of frames needed to be rehabilitated can be determined
according to the seismic enhancement needed for the structure.

From the above conclusions it can be seen that the choice
of the most suitable rehabilitation scheme should consider the
properties of the structure, the seismic hazard, and the desired
performance parameter needed to be enhanced. It is important
to clarify that the results drawn are for the studied cases and
the selected earthquakes. More ground motion records should be
considered and more analysis including cost analysis is needed for
the conclusions to be generalised.
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