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Evaluation of Seismic Behavior of RC Frame
Retrofitted with Different Configuration of FRP
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Abstract— For the requirement/need of retrofitting, in recent
years, Fiber Reinforced Polymers (FRP) become engineer’s
choice to increase strength and ductility of reinforced concrete
(RC) beams, columns and beam-column joints because of its’
light weight, higher strength, and ease of applications to the
existing members. To attain better performance, better
configuration of retrofitting should be selected. In this paper,
nonlinear static pushover analysis has been carried out with the
commercial software ETABS v.9.6.0 to investigate seismic
performance criteria i.e. ductility, over-strength, response
modification factor of moment resisting RC frames retrofitted
with different level of FRP additions and compared with the bare
frame. From the analyses in general, both the load carrying
capacity and displacement at failure is enhanced. In comparison
to the bare frame, inter-story drift index at any floor level of the
retrofitted frame is decreased for the same level of base shear
capacity. Proper retrofitting scheme can be adopted from the
analysis as per the requirement criteria of the project/design
engineer.
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I. INTRODUCTION

Structural safety: withstanding of infrastructure both in
higher permissible loads and in environmental hazards during
their service life are always the most important concern of
Structural engineers. Retrofitting, the renovation process of
existing structures to improve their strength can be done by
concrete jacketing, steel jacketing, steel plating, external
pre-stressing, fiber reinforced polymer wrapping etc. To
ensure desired safety to a great extent and successfully
strengthen the vulnerable structures to withstand seismic
damage as well as ultimate failure of a structure, retrofitting of
existing structures has become much popular due to their
higher ultimate strengths, lower density, lesser self-weight as
well as faster, easier and economic installation and higher
durability. These composite materials can be added to any of
the structurally deficient members such as beams, columns,
slabs, beam-column joints etc. of a reinforced concrete
building structure. Previous research works include
assessment of flexural behavior of RC T-beams retrofitted
with Carbon Fiber Reinforced Polymer (CFRP) plates and
bonding effect both analytically and experimentally [1],
flexural capacity of mechanically fastened FRP strengthened
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RC beams [2], axial strength, axial strain, hoop strain and
ductility of reinforced and nonreinforced columns confined
with Steel- Fiber Reinforced Polymer (SFRP) and CFRP [3],
both bare and retrofitted beam-column joints with FRP
subjected to cyclic loading [4], slender reinforced concrete
columns strengthened with 2 ways: CFRP sheet jacketing and
near surface mountain CFRP sheet [5], shear capacity of RC
both rectangular and T-beams retrofitted with 1, 2 and 3
layers of CFRP composites [6]. All these cases a significant
improvement is found compared to the control one (without
retrofitted member).

This paper focuses on the retrofitting of RC beams and
columns using different FRP retrofitting schemes to evaluate
and compare the seismic performance levels of both the
existing RC building (bare one) and retrofitted RC frames
with FRP composite.

Il. METHODOLOGY: NONLINEAR PUSHOVER
ANALYSIS AND SEISMIC PERFORMANCE
ASSESSMENT

Existing structures which require retrofitting should be
assessed properly so that it can be accomplished in a
cost-effective manner. A global pushover curve generated
through a pushover analysis of bare frame structure [7], [8].
ATC-40 [9] and FEMA-356 [8] documents provide a
guideline of modeling parameters, acceptance criteria and
procedures of pushover analysis and the actions followed to
determine the yielding of frame members. Using multiple load
patterns does not improve the accuracy of pushover analysis
significantly [10].

In the present study, a single lateral load pattern [11] based
on the first mode shape of 2D frame of an existing structure is
used. During earthquake loading, plastic hinges usually form
at the end of beams and columns. To perform pushover
analysis, flexural moment hinges and frame hinges are
assigned to the ends of the beams and columns of the frame
respectively. The moment-rotation behavior of frame
members simulates the plastic hinge properties. Yield and
ultimate curvature and rotation capacities for both beam and
column can be determined analytically. In ETABS, moment
hinge properties, M3 is usually added or modified for
concerned member (actual hinge property). According to the
cross-section and material properties of the fame element,
individual nonlinear hinge is assigned at both ends of the
individual beam or column. Flexural strength may be
calculated by using the rectangular stress block [12] with the
condition that maximum concrete strain, g, 0.005 and
maximum stress in concrete compression zone taken equal to
85% of the expected compression  strength.
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The maximum moment capacity is assumed considering
post-yield slope of 3% that of the slope of elastic curve. The
material property and sectional analysis are used to calculate
the moment capacities at yield and ultimate conditions for
user-defined hinge cases. Analysis of Park & Dai [13],
Maghsoudi & Sharifi [14] and Inel & Ozmen [15] are used to

calculate the moment-rotation behavior of RC frame members.

Moment-rotation (M-0) behavior for a member section
consists of plastic rotation and corresponding moments as
ratio of yield moment as shown in Fig. 1. Five points, define
the force deflection behavior of the hinge labeled A to B —
Elastic state, B to C- post yielding stage, C to D — post
maximum capacity, D to E- residual strength [16].
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Fig. 1. Force-deformation behavior of frame members.

Plastic hinges are assigned at the end of columns
considering both Moment-rotation behavior and P-M-M
interaction surface for the user defined cases. Using ETABS
v.9.6.0 section designer module, P-M interaction surface is
calculated for a given section geometry and materials [12].

175
> Elastic base shear
Vg [reomsimemmremesmcsmsenionss Capacity curve
150 4
= = Idealized cwive
128 4
T LAY A ; e
Vo brrmeememmng = e — = SIS
oL y|
= 7
) H
2 75 Y A |
z /
b yZ
3 0.6V,
R
i
v, V- (o Dougnbmeshesr . diccisesasads
(4 i
28 4 H H
7 i
| !
o
o 4 wd, 20 30 Ama g0 d: 50 60

Roof Displacement, A
Fig. 2. Description of over-strength and ductility factor for
a structural response [10].

Following FEMA 273 [19], obtained pushover curve from
the analysis is idealized to evaluate seismic performance
parameters. Actual lateral strength (V,) corresponding yield
displacement (Ay) of the frame is determined by idealizing
pushover curve (Fig. 2) as a bilinear curve considering the
same energy under the actual curve. For RC structure, FEMA
356 [8] specify inter-story drift index thresholds of 1%, 2%
and 4% for the immediate occupancy (10), life safety (LS)
and collapse prevention (CP) performance levels,
respectively. Condition of existing building is first checked
and subsequently seismic performance of different retrofitting
scheme is evaluated.

10 & Sciences Publication Pvt. Ltd.

I1l. EVALUATION OF EXISTING STRUCTURE: CASE
STUDY

Total height of the 6-storied existing building is 20.42 m
where typical floor height is 3.05 m and below ground floor
column height (to foundation) 2.13 m. Concrete compressive
strength is 24 MPa and 17 MPa for columns and beams
respectively, yield strength 414 MPa is used for both
transverse and longitudinal reinforcements. Among 5 frames,
2D frame E is taken into account for pushover analysis. A
detail description of beams and columns (both layout and
schedule) are shown in Fig. 3 (a),(b) and (c).
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Fig. 3. Information of the building

Gravity loads (dead loads: self-weight, partition walls,
floor finishing and live loads: 25% of dead load i.e. 1.92 KPa
equivalent to seismic weight is applied first on the beams of
the frame. In ETABS, default hinges at the ends of different
frame members are assigned. Then, the lateral force
distribution (Table. 1) on different floor level is applied
gradually until the failure of the frame is occurred. For frame
E, gravity loads applied are used 7.09 kN/m on roof, 16.93
kN/m on different floors except the ground floor and 10.03
kN/m on the ground floor.
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Table. I. Lateral force distribution at any floor level of the
considered frame.

Story |Height | Vertical | Horizontal | Horizontal

No. (m) |(gravity) |Load onthe | Load (kN)
load building (X | for frame E
(kN) dir) (kN)

Roof 20.43 | 644.29 109.15 27.31
F5 17.38 | 1278.62 81.40 20.46
F4 14.33 | 1278.62 67.16 16.90
F3 11.28 | 1278.62 52.84 13.21
F2 8.23 | 1278.62 38.70 9.79
F1 5.18 | 1278.62 24.46 6.23
GF 2.13 | 1278.62 10.01 2.67

Sum --- |8316.03

Deflected Shape of the Bare Frame and plastic hinge
formation at Maximum Load Carrying Capacity in the bare
frame is presented in Fig. 4. From idealized and actual
pushover curves for the bare RC frame (Fig. 5), yield shear
capacity, yield roof displacement and maximum displacement
is determined. Following BNBC-93, design base shear is
determined as 132.96 kN for this frame and other determined
parameters are presented in Table. Il. The inter-story drift
index (Fig. 6) of different floor levels of the bare frame at
maximum lateral load capacity are compared with the
acceptable performance levels and found to be within the Life
safety performance level (2%) [18].
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Fig. 4. Hinge formation on different frame elements of the
bare frame (maximum load) [18]
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Fig. 5. Pushover curves of the bare frame [18]
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Fig. 6. Inter-story drift index of the bare RC frame [18]

IV. SEISMIC BEHAVIOR OF DIFFERENT
RETROFITTED SCHEMES OF FRAMES

In partial retrofitting schemes, only column below grade
beams and floor level F1, both beams and columns at the
ground floor level; in full retrofitting schemes all the beams
and columns are retrofitted with FRP composites with
increased moment capacity ranges from 5% to 25%.
Moment-rotation behavior of RC frame members is evaluated
first by using the sectional analysis. Considering level of
retrofitting increases with the yield and ultimate moment
capacities, enhanced moment-rotation behavior obtained
from moment-curvature analysis is used in pushover analysis
of retrofitted frames keeping the other parameter constant. In
first case of partial retrofitting analysis, only the columns
below grade beams and floor level F1 are retrofitted with
different level of FRP composites by changing the plastic
hinge properties of only columns below GB and F1. Pushover
curves (Fig. 7(a)) show that overall frame behavior is
improved slightly in comparison to the bare frame under
seismic loads. In 2" case: only the columns below grade
beams and beams at grade location, retrofitted with different
level of FRP composites (Fig. 7(b)) load carrying capacity of
the frames is also increased but displacement at failure is
drastically reduced for 25% retrofitting level. Fig. 8 shows the
pushover curves for the retrofitted beams and columns of the
frames with different level of FRP composites where at the
25% retrofitting level, roof displacement capacity is also
decreased although overall frame behavior is improved than
bare frame. The formation of hinges on various frame
members of the retrofitted frames with 5% and 25% FRP
additions are shown in Fig. 9(a) and (b), Fig. 10(a) and (b) and
Fig. 11(a) and (b) respectively. The idealized and actual
pushover curves for the retrofitted frame with 5% and 25%
FRP additions for all beams and columns are presented in Fig.
12(a) and (b) respectively.
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Fig. 9. Deflected shape of the frame retrofitted in
columns below GB and F1 (C3 and C5); (a) for 5%
retrofitting; (b) for 25% retrofitting.
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Fig. 13 (a), (b) show the inter-story drift index of the
retrofitted frames (at the same base shear capacity of the bare
frame) in comparison to acceptable performance levels. It is
observed that inter-story drift index decreased with additions
of FRP composites and this reduction of drift is prominent in
25% FRP addition in comparison to that of the 5% FRP
addition.
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Fig. 13. Inter-story drift index for retrofitted frame with
retrofitted (a) beams and columns at grade only; (b) all
beams and columns.

V. CONCLUSIONS

Following observations can be made from the analysis of
the retrofitting schemes with different pattern and different
FRP additions (from 5% to 25%).

e Generally, both the load carrying -capacity and
displacement at failure is increased with increasing FRP
additions.

e For the frame with different stiffness of columns at
different floor levels, some localized failure reduces the
overall displacement capacity at failure drastically.
Therefore, the retrofitting scheme should be chosen such a
way that it will not trigger localized collapse of any
member.

o Inter-story drift indexes are within the Life safety
performance level for all the frames with different FRP
additions. However, inter-story drift index at any floor
level is reduced to a great extent at the same base shear
capacity of the bare frame.

Before taking any decision, engineers should evaluate
different retrofitting schemes to figure out the better
performance of the frame. By using the commercial software
ETABS v.9.6.0, nonlinear static pushover analysis can
easily/simply be carried out.

REFERENCES

[1] H. Choai, J. West & K. Soudki, “Analysis of the flexural behavoir of
partially bonded FRP strengthened concrete beam”, Journal of
Composites for Construction, vol. 12(4), 2008, pp. 375-386.

[2] J. Martin & A. Lamanna, “The performance of mechanically fastened
FRP strengthened concrete beams in flexure”, Journal of Composites
for Construction (ASCE), vol. 12(3), 2008, pp. 257-265.

[3] K. Abdelrahman, & R. El-Hacha, “Behavior of Large-Scale Concrete
Columns Wrapped with CFRP and SFRP Sheets”, Journal of
Composites for Construction, vol. 16(4), 2012, pp. 430-439.

[4] H. Sezen, “Repair and strengthening of reinforced concrete
beam-column joints with fiber-reinforced polymer composites”,
Journal of Composites for Construction, vol. 16(5), 2012, pp.
499-506.

[5] K. Gajdosova, & J. Bilcik, “Full-scale testing of CFRP-strengthened
slender reinforced concrete columns”, Journal of Composites for
Construction, vol. 17(2), 2013, pp. 239-248.

[6] M. Alferjani, A. A. Samad, B. S Elrawaff, N. Mohamad, M. Hilton, &
A. A. Saiah, “Use of Carbon Fiber Reinforced Polymer laminate for
strengthening reinforced concrete beams in shear”, International
Refereed Journal of Engineering and Science (IRJES), vol. 2(2), 2013,
pp. 45-53.

[7] IBC-2006. 2006, International Code Council, International Building
Code, Falls Church, VA.

[8] Federal Emergency Management Agency (FEMA). 2000, Prestandard
and commentary for the seismic rehabilitation of buildings. FEMA
356, Washington (DC).

[9] ATC-40. Seismic evaluation and retrofit of concrete building. Applied
Technology Council, Redwood City, 1996.

[10] Federal Emergency Management Agency (FEMA). 2005,
Improvement of nonlinear static seismic analysis procedures.
Washington (DC): FEMA 440.

[11] BNBC-93. Bangladesh National Building Code, Housing & Building
Research Institute and Bangladesh Standards & Testing Institution,
Dhaka, Bangladesh, 1993.

[12] ACI-318. Building Code Requirements for Structural Concrete (ACI
318-02) and Commentary. Farmington Hills, MI: American Concrete
Institute, 2002.

[13]1 R. Park & R. Dai, “Ductility of doubly reinforced concrete beam
section”, ACI Structural Journal, vol. 85(2), 1988, pp. 217-225.

[14] Maghsoudi, A. & Sharifi, Y. “Ductility of high strength concrete
heavily steel reinforced members”, Transaction A: Civil Engineering,
vol. 16(4), 2009, pp. 297-307.

[15] M. Inel, & H. B. Ozmen, “Effects of plastic hinge properties in
nonlinear analysis of reinforced concrete buildings”, Engineering
Structures, vol. 28(11), 2006, pp. 1494-1502.

[16] K. Golghate, V. Baradiya, & A. Sharma, “Pushover analysis of 4
storey's reinforced concrete building”, International Journal of Latest
Trends in Engineering and Technology (IJLTET),2(3), 2013, pp.
80-84.

[17] D. Kent, & R. Park, “Flexural members with confined concrete”,
Journal of the Structral Division, Proc. of the American Society of
Civil Engineers, vol. 97(ST7), 1971, pp. 1969-1990.

[18] R. Sabrin, M. A. A. Siddique, M. K. Sohel, “Seismic assessment of
existing RC frames by pushover analysis (submitted for publication)”,
Asian Journal of Civil Engineering, submitted for publication.

[19] Federal Emergency Management Agency (FEMA). NEHRP provisions
for the seismic rehabilitation of building. FEMA 273 and 274,
Washington (DC), 1997.

Rishath Sabrin is currently working as a
Lecturer in Ahsanullah University of Science
and Technology (AUST), Dhaka 1208,
Bangladesh. Previously, she served as a
Lecturer in Military Institute of Science and
Technology  (MIST), Dhaka 1216,
Bangladesh.

Academic Background:

e BSc Engg. (2014, Civil Engineering)
Department of Civil Engineering (CE),
Military Institute of Science and Technology
(MIST), Dhaka 1216, Bangladesh

e MSc Engg. (2017, General Structural Engineering)

Department  Civil &  Environmental
Engineering, Imperial College London,
London SW7 2AZ, United Kingdom

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication Pvt. Ltd.

Exploring In



International Journal of Innovative Science and Modern Engineering (IJISME)
ISSN: 2319-6386, VVolume-5 Issue-2, February 2018

Publications:

e Rishath Sabrin, Tanvir Manzur, Baishakhi Bose, Rubaiya Rumman,
“Nanotechnology: bridging the cracks between ancient and modern
concrete technology”, International Conference on Advances in Civil
Infrastructure and Construction Materials, Military Institute of Science
and Technology, Dhaka, Bangladesh, December 2015.

Membership:

e Member, The Institution of Engineers, Bangladesh (IEB)

Achievements:

e Commonwealth Scholarship in UK, 2016 for M.Sc study

e Achieved MIST medal

e Honored by attaining Commandant’s List of Honor in MIST four times

(2010, 2011, 2012, 2013)
e Received MIST Scholarship in year of 2011, 2012, 2013

Dr. Mohammad Al Amin Siddique is

currently working as Associate Professor

in Bangladesh University of

Engineering and Technology (BUET),

Dhaka-1000, Bangladesh.

Academic Background:

e PhD (2012, Structural Engineering)
Department of Civil &
Environmental Engineering, The

4 University of Western Ontario,

: ; London, ON N6A 3K7, Canada

e MSc Engg. (2005, Structural Engineering)
Department of Civil Engineering (CE), Bangladesh University of
Engineering and Technology (BUET), Dhaka-1000, Bangladesh

e BSc Engg. (2002, Civil Engineering)
Department of Civil Engineering (CE), Bangladesh University of
Engineering and Technology (BUET), Dhaka-1000, Bangladesh

Publications:

e M. A. A Siddique, A. E. Damatty, A. M. E. Ansary, “A numerical
investigation of overstrength and ductility factors of moment resisting
steel frames retrofitted with GFRP plates”, Canadian Journal of Civil
Engineering, vol. 41(1), January 2014, DOI: 10.1139/cjce-2012-0271

e M. A. A Siddique, A. E. Damatty, “Improvement of local buckling
behaviour of steel beams through bonding GFRP plates”, Composite
Structures, vol. 96, February 2013, pp. 44-56, DOI:
10.1016/j.compstruct.2012.08.042

e M. A A.Siddique, A. E. Damatty, “Enhancement of buckling capacity of
steel plates strengthened with GFRP plates”, Thin-Walled Structures, vol.
60, November 2012, pp. 154-162, DOI: 10.1016/j.tws.2012.06.013

e M. A A Siddique, M. A. Rouf “Nonlinear analysis of reinforced concrete
beam under monotonic loads”, Conference: 1st International Conference
on Computational Methods (ICCMO04), January 2006

e S. Islam, M. A. A. Siddique, “Behavior of Low Grade Steel Fiber
Reinforced Concrete Made with Fresh and Recycled Brick Aggregates”,
Advances in Civil Engineering, 2017(5), January 2017, pp. 1-14, DOI:
10.1155/2017/1812363

Professional Affiliation:

e Member, The Institution of Engineers, Bangladesh (IEB)

o Life Member, Bangladesh Earthquake Society (BES)

Pzt

Published By:
Blue Eyes Intelligence Engineering
15 & Sciences Publication Pvt. Ltd.



https://www.researchgate.net/scientific-contributions/2032864064_Mohammad_Al_Amin_Siddique
https://www.researchgate.net/profile/Ashraf_El_Damatty
https://www.researchgate.net/profile/Ayman_El_Ansary
https://www.researchgate.net/scientific-contributions/2032864064_Mohammad_Al_Amin_Siddique
https://www.researchgate.net/profile/Ashraf_El_Damatty
https://www.researchgate.net/scientific-contributions/2032864064_Mohammad_Al_Amin_Siddique
https://www.researchgate.net/profile/Ashraf_El_Damatty
https://www.researchgate.net/scientific-contributions/2032864064_Mohammad_Al_Amin_Siddique
https://www.researchgate.net/profile/Md_Rouf3
https://www.researchgate.net/profile/Shariful_Islam33
https://www.researchgate.net/scientific-contributions/2032864064_Mohammad_Al_Amin_Siddique

