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Abstract: From the last two decades non-metallic fiber reinforced polymer (FRP) composites have been
used as a practical alternative material for the strengthening of concrete structures. The novelty of the
composite materials lies in its outstanding mechanical properties such as, low weight and high tensile
strength, and satisfactory durability properties even in an aggressive environment. These properties were
effectively utilized to enhance the safety of various civil infrastructures. Although, under monotonic and
cyclic lateral loadings, the behavior of FRP composite retrofitted reinforced concrete (RC) bridge columns
has been investigated extensively in the lab, numerical knowledge needs to be further enhanced, especially
in the area of different types of FRP composite retrofitted bridge columns under cyclic load. The objective
of this study is to investigate numerically the effectiveness of different retrofitting techniques in upgrading
the seismic performance of non-ductile RC bridge columns. The quasi-static cyclic analyses and non-linear
static pushover analyses are conducted in this study. The seismic performance of the studied columns is
evaluated in terms of load carrying capacity, flexural ductility, and hysteric behavior under quasi-static cyclic
load along with constant axial load.

1. INTRODUCTION

The San Fernando earthquake 1971, Loma Prieta earthquake 1989, and Kobe earthquake, 1995 caused
considerable damage on numerous of old reinforced concrete (RC) bridge columns. The main reason
behind the failure of those bridges was due to poor reinforcement detailing which was designed before the
consideration of new seismic design requirements (Saadatmanesh et al. 1994). The insufficient and poor
reinforcement detailing of these structures has resulted in numerous bridges having columns with low
flexural strength and stiffness or ductility capacity, and low shear strength to resist seismic loads as imposed
by the recent codes and guidelines (ATC 1996, CSA S6 2014). The inadequate lap splice length at the
plastic hinge zones and inadequate transverse reinforcement in these columns are the most contributors
to their deficiency in resisting seismic force (Priestley and Seible 1995; Haroun and Elsanadedy 2005).

Numerous researchers have demonstrated that increasing the confinement in the potential plastic hinge
zones of the column would enhance the compressive strength of the core concrete, ultimate compression
strain and ductility (Mander et al. 1988, Ma and Xiao 1999). Hence, retrofitting techniques generally involve
methods from improving the confining forces either in the potential plastic hinge zones or over the entire
height of column (Chai et al. 1991). There are several rehabilitation methods available to upgrade the
seismic performance of existing building and bridges. Recently, the uses of different fiber reinforced
polymer (FRP) composites, such as glass fiber reinforced polymer (GFRP), carbon fiber reinforced polymer
(CFRP), aramid fiber reinforced polymer (AFRP) and basalt fiber reinforced polymer (BFRP) jackets have
been increasing rapidly, which can significantly improve the flexural and shear strengths and enhance the
ductility of the column (Seible et al. 1997, Xiao and Wu 2000, and Gajdosova and Juraj 2013). Amongst all
the FRP wraps, the CFRP jacketing technique is the most popular because of its higher modulus of elasticity
and high tensile strength compared to other FRP composites.

The comprehensive review of the literature showed that the behavior of FRP-confined concrete specimens
under monotonic load condition has been studied extensively (Mirmiran and Shahawy, 1997; Karbhari and
Gao 1997; Samaan et al. 1998; Spoelstra and Monti, 1999; Demers and Neale 1999; Xiao and Wu, 2000;
Moran and Pantelides, 2002). However, limited data are available in the existing literature for the FRP-
confined RC column under simulated seismic load condition. Saadatmanesh et al. (1994) conducted an
experimental investigation to study the seismic behavior of 1/5 scaled RC column strengthened with GFRP
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straps. Their results showed that the retrofitted columns significantly improved the seismic resistance
capacity and prevented the longitudinal reinforcement bars from buckling under cyclic loading. Chang et al.
(2004) performed pseudo-dynamic tests on the as-built and CFRP strengthened rectangular RC bridge
columns under near-fault ground motions. They found that the seismic performance of damaged concrete
bridge columns effectively improved the flexural strength capacity after retrofitting using CFRP composites.
Haroun and Elsanadedy (2005) conducted tests on the as-built and FRP composite-wrapped scaled models
of circular and square RC columns with inadequate lap-splice length under simulated seismic loading. Their
results demonstrated that the as-built columns suffered brittle failure due to bond deterioration of the lap-
splice of longitudinal reinforcement. The square retrofitted column exhibited limited improvement in
clamping of the lap-splice region and for enhancing the ductility of columns, whereas the circular retrofitted
columns had improved ductility, and it enhanced the seismic performance of the column. Ma and Xiao
(1997) studied as-built and GFRP composite-wrapped 2-scaled models of circular bridge columns with
poor lap splice detailing. They reported that the as-built model columns exhibited brittle failure due to bond
deterioration of the lap-splice of longitudinal reinforcements. In addition, they observed that the brittle failure
was prevented and dramatic improvement with enhanced ductility and energy dissipation capacity of the
repaired and retrofitted columns was observed.

In the existing literature, most of the research works on FRP retrofitted RC bridge columns to date are
related to experimental studies under seismic loads. Since experimental tests are costly and time
consuming, it is beneficial to develop finite element models that can accurately simulate the behavior in
terms of energy dissipation capacity and stiffness degradation characteristics of retrofitted columns. This
study investigates the seismic performance of CFRP and GFRP retrofitted circular RC columns under
quasi-static cyclic loading and non-linear static pushover analysis (NSPA) along with constant axial load
using fiber-based finite element approach. The seismic performance of RC circular column is assessed in
terms of different confinement ratios in order to study the load deformation behavior, ductility and stress-
strain behavior of concrete and longitudinal steel under cyclic load.

2. NUMERICAL INVESTIGATION OF BRIDGE COLUMNS

2.1.Bridge Column Model

The finite element model of the bridge column approximated as a continuous 2-D finite element frame using
nonlinear analysis program SeismoStruct (2015). In order to consider material nonlinearity, 3-D inelastic
displacement-based frame elements have been used for the modeling of columns. In this research, to
represent the distribution of material nonlinearity along the height and cross-sectional area of the member,
the fiber modeling approach was employed. To model the cross-section of the column with its confined and
unconfined concrete region as well as the longitudinal steel reinforcement of each fiber element has its own
constitutive stress-strain relationship. In order to model the confined and unconfined concrete, the nonlinear
variable confinement model proposed by Madas (1993) following the constitutive relationship by Mander et
al. (1988) and the cyclic rules proposed by Martinez-Rueda (1997) with Madas and Elnashai (1992) model
was implemented in the analysis. For the FRP confined concrete, Ferracuti and Savoia (2005) model
following the constitutive relationship and cyclic rules proposed by Mander et al. (1988) and Yankelevsky
and Reinhardt (1989) under compression and tension, respectively was used in the analysis. This model
employs the Spoelstra and Monti (1999) model for the confining effect of FRP jacket. For the FRP materials,
linear elastic behaviour up to rupture with zero compressive strength was considered in this study.
Menegotto and Pinto (1973) steel model with Filippou (1983) isotropic strain hardening property has been
adopted as the constitutive model of rebar to develop the finite element model. Fig. 1(C) characterizes the
column fiber representation and its subsection into cover concrete, core concrete and steel reinforcements.
When the column jacketed by FRP sheets, the cover concrete is considered as the concrete confined by
the FRP jacket while core concrete is considered as concrete confined by FRP and the transverse
reinforcements.

2.2.Numerical Model Validation

The numerical model is validated against the experimental results of circular RC column performed by
Kawashima et al. (2000). The column specimen has a diameter of 400 mm, and an effective height of 1350
mm. The column is reinforced with 12-15M (dia. of 16 mm) longitudinal steel reinforcement ratio of 1.89%,
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and 0.128% transverse steel (dia. of 6 mm) with 300 mm center to center spacing, and the clear cover of
concrete of 35 mm. The CFRP jackets were applied over a height of 1000 mm with the confinement ratio
(¢) of 0.11 from the base of the column (Fig. 1(A)). To simulate the experimental results of the columns,
they were idealized using a discrete finite element model (Fig. 1(B)). An axial compressive load of 188.4
kN representing 5% of the column axial capacity was applied at the top of the column. The compressive
strength, the yield strength of longitudinal and transverse reinforcements were considered as 35 MPa, 374
MPa and 363 MPa, respectively. The CFRP and GFRP retrofitting techniques adopted in this study were
adapted from Kawashima et al. (2000) and Shin (2012), respectively. The CFRP and GFRP composites
have an initial stiffness of 266 GPa and 19.13 GPa, and an ultimate strain of 1.63% and 1.80%, respectively.
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Figure 1: Schematic details of column and its finite element fiber model representation

In order to validate the numerical model, the CFRP retrofitted column is modelled and analyzed using a
finite element (FE) program SeismoStruct (2015) under the same displacement-controlled reversed cyclic
loading history. The RC cantilever column was displaced with an increment of 0.5% drift until reaching a
maximum drift of 5%. The numerical model of column retrofitted with a single layer of CFRP sheet, which
represents the volumetric confinement ratio, ¢ of 0.11% has been validated from the experimental results
(Kawashima et al. 2000). Fig. 2(A) and Fig. 2(B) illustrate the hysteretic behavior of as-built column and
CFRP retrofitted column, respectively. The current numerical results varied only with 3.5% and 3% in
predicting the stiffness and capacity compared to those of the experimental results of as-built and retrofitted
columns, respectively.
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Figure 2:Comparison of the force displacement relationship of the numerical and experimental results (A)
as-built column and (B) CFRP retrofitted column

2.3. Nonlinear Static Pushover Analysis and Flexural Limit States
In order to study the flexural limit states and lateral load capacity of the as-built column and FRP retrofitted
columns, nonlinear static pushover analysis (NSPA) was carried out. The column had an axial load of 188.4
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kN (0.05.f/.Aq, where f! is the compressive strength of concrete, and Ag is the gross cross-sectional area
of the column). For the each confinement ratio, pushover analysis was conducted using incremental load
in the form of displacement. Fig. 3(A) and Fig.3(B) show the total base shear vs. top lateral displacement
curve for the as-built and CFRP/GFRP retrofitted columns, respectively (¢ = 0.11, 0.22, 0.33 and 0.44 %).
As seen from Fig. 3(A) and Fig. 3(B), the pushover response curve demonstrates that the CFRP retrofitted
column increased the lateral load capacity of the columns considerably, whereas the GFRP retrofitted
columns lateral load capacity was lower side compared to the CFRP retrofitted columns. The variation in
the lateral load capacity was small in GFRP jacketed columns, whereas for CFRP jacketed columns was
higher compared to the as-built column. In the case of CFRP retrofitted column the higher lateral load
capacity attributed due to the higher tensile strength and elastic modules of CFRP composites. In general,
the bridge column confined with FRP jackets achieves a higher displacement and ductility at a higher base
shear compared to the as-built column.

In order to establish the curvature relationship of circular RC bridge column with limit states, Kowalsky
(2000) proposed a simple relationship of curvature and displacement ductility (t4) and drift ratio (D) with
serviceability and damage control limit states. In order to study the different confinement ratio of retrofitted
circular bridge columns, two performance criteria considered herein are the displacement (A) and base
shear (V) at the onset of first yielding (4,, V}) of longitudinal steel, and first crushing of core concrete (Acrush,
Vesn)- The yielding of longitudinal steel reinforcement was assumed to take place at a tensile strain of steel
fy/Es. The crushing strain of unconfined concrete differs over a range from 0.0025 to 0.006 (MacGregor and
Wight, 2005). Consequently, Paulay and Preistley (1992) recommended that the crushing strain of confined
concrete is much higher and it varies from 0.015 to 0.05. In the present analysis, crushing of confined
concrete assumed to take place when the concrete compressive strain reaches to 0.035.
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Figure 3: Comparison of pushover curves with different confinement ratios of (A) CFRP jacketed columns
and (B) GFRP jacketed columns

The yielding of steel started at all the CFRP and GFRP jacketed columns almost at the same level of
displacement and base shear. In the case of GFRP retrofitted columns, the crushing of core concrete found
at the displacement and base shear in the range of 142.4 mm to 150.4 mm, and 56.35 kN to 67.25 kN,
respectively for the confinement ratio, ¢ of 0.11 to 0.33. Whereas, in the case of CFRP retrofitted column
no crushing occurred at the strain limit of 0.035 because of higher tensile strength and modulus of elasticity
of CFRP jacket compared to GFRP jacket.

2.4. Moment-Curvature Response

Priestley et al. (1996) developed a simple relationship for the yield curvature (¢,) of a circular RC column
section. In order to compare the capacity of retrofitting techniques, the moment curvature analysis of the
retrofitted sections and as-built section were also conducted which is depicted in Fig. 4(A) and Fig. 4(B) for
CFRP and GFRP retrofitting techniques, respectively. The ultimate moment (M,) and curvature (¢.) are the
ultimate state of sectional response of RC circular column section. In this study, the ultimate state of section
is defined as the occurrence of extreme compression strain reaching the ultimate value at the jacket while
rupturing steel hoops, or the strain in the extreme tension rebar reaching the “maximum tensile strain”. In
this analysis, the maximum tensile strain for steel reinforcement assumed at 60% of the ultimate strain. The
ultimate strains of the CFRP and GFRP jackets were 0.0163 and 0.018, respectively. The higher load
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carrying capacity of the CFRP jacketed column attributed due to the high elastic modulus and tensile
strength of CFRP jacket providing higher confinement to concrete whereas the lower load capacity
attributed in the case of GFRP retrofitted column because of lower tensile and elastic modulus compared
to CFRP jackets providing lower confinement to concrete compared to CFRP jacketing.
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Figure 4. Comparison of moment-curvature with different confinement ratios of (A) CFRP jacketed
columns and (B) GFRP jacketed columns

2.5. Ductility

The displacement ductility factor (u,) is one of the important parameters in the seismic design criteria. The
displacement ductility factor is defined as ux = A/Ay, where Ay is the yield lateral displacement and A, is
the ultimate lateral displacement. In order to define the displacement ductility factor for each retrofitted
column, the ultimate displacement point considered on the pushover curve as the corresponding
displacement when the specimen strength capacity decreases to 85% of the peak strength of the column.

A comparison of ductility factor of retrofitted columns with different confinement ratios (¢ = 0.11 to 0.44 %)
of FRPs is depicted in Fig.5. The specimens with a larger ua exhibited a better ductility. The displacement
ductility ratio of as-built column was observed of 2.7, and the retrofitted specimen using CFRP and GFRP
with a confinement level of 0.44 had a ductility ratio of 20.8 and 7, respectively. From Fig. 5, the ductility of
the retrofitted specimen increases as the level of confinement increases. In the case of CFRP jacketed
columns, its ductility factor was found much higher compared to that of the GFRP jacketed columns. The
high ductility factor in the case of CFRP retrofitted column attributed due to the higher modulus of elasticity

of CFRP jacket contributing to increased level of confinement.
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Figure 5: Ductility comparison of different confinement ratio (®) of CFRP and GFRP retrofitted columns

from NSPA

2.6.Nonlinear Reversed Cyclic Analysis

A displacement controlled-quasi-static cyclic load with an increment of 0.5% drift until reaching a maximum
drift of 8% was applied on the retrofitted circular RC bridge columns. The effect of confinement ratio on the
hysteretic behavior of columns wrapped with CFRP and GFRP was investigated in this study. The hysteretic
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behaviors of CFRP, and GFRP composites retrofitted columns with varying confinement ratios are depicted
in Fig. 6. In all the cases, the column jacketed with CFRP shows superior load carrying capacity compared
to the GFRP jacketed columns. In the case of CFRP sheet retrofitted columns were able to maintain their
load-carrying capacity until the end of the loading protocol, whereas in the case of GFRP sheet jacketed
columns the increase in the lateral load resistance force was found more pronounced up to 4% drift, but
this effect reduced in the subsequent cycles.

The numerical results show that improved flexural strength and ductility can be achieved with an increased
confinement ratio of CFRP and GFRP wraps. For illustration purpose, the comparative lateral load versus
top lateral displacement envelope curves for all the retrofitted specimens are depicted in Fig. 7. Fig. 7 shows
that the effect of retrofitting materials which considerably increases the ductility on the envelope curve. The
increased lateral force and top lateral displacement attributed because of the concrete confinement exerted
by the CFRP and GFRP wraps. A significant reduction on the displacement ductility was observed for the
as-built specimen. In both the case (CFRP and GFRP jacketed columns) the retrofitted column shows
higher ductility compared to the as-built columns. The CFRP retrofitted column shows greater ductility
compared to the GFRP retrofitted columns. In the case of CFRP jacketed column with the increase of
confinement ratio from 0.11% to 0.44%, no much variation was found (Fig. 7). Thus, it can be concluded
that one or two layer of CFPR jacket is sufficient to increase the flexural strength and ductility of the deficient
columns. But, in the case of GFRP jacketed columns, four layer of GFRP jackets (¢ = 0.44 %) is needed to

achieve the similar level of displacement ductility.
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Figure 6: Force displacement relationship of CFRP/GFRP retrofitted column under cyclic loading (A1)
CFRP column (¢ = 0.11), (A2) CFRP column (¢ = 0.22), (A3) CFRP column (¢ = 0.33), (A4) CFRP
column (¢ = 0.44), (B1) GFRP column (¢ = 0.11), (B2) GFRP column (¢ = 0.22), (B3) GFRP column (¢ =
0.33), and (B4) GFRP column (¢ = 0.44)
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Figure 7: Comparison of the envelope curve of (A) CFRP and (B) GFRP retrofitted column

In order to get better understanding on the level of damage occurred during cyclic analysis of the column,
a comparison between the concrete and longitudinal steel stress-strain behavior of CFRP and GFRP
jacketed columns are presented in Fig. 8. The CFRP jacketed column in all four cases resulted in an early
increase in the compressive strength compared to the GFRP jacketed column. The increased strength of
column can be attributed to a significant reduction in the level of concrete damage, which shows the
reduction in the maximum compressive strain. The reduction in concrete maximum strain of 0.11, 0.22,
0.33 and 0.44 % confinement ratio was found 59, 64, 62 and 59%, respectively. The results of axial strain
in longitudinal steel are portrayed in Fig. 8, which also shows that in the case of CFRP confinement there
is a reduction in deformation demand on the longitudinal steel reinforcement by 11, 10, 8 and 6 % with the
confinement ratio of 0.11, 0.22, 0.33 and 0.44 %, respectively.

The numerical result shows that the deficient bridge RC columns retrofitted with CFRP and GFRP can
enhance the load carrying capacity and ductility compared to the as-built column under nonlinear pushover
and cyclic loading. In addition, less damage observed in concrete core and longitudinal reinforcement when
the columns jacketed with CFRP and GFRP composites. On the other hand, the column retrofitted using
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CFRP wraps improved the seismic behavior of the column significantly compared to the GFRP wraps in
terms of load carrying capacity and ductility. The CFRP jacketed columns revealed better strength and
ductility due to the early increase in concrete strength that reduces the damage experienced by both

concrete and steel.
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Figure 8: Axial Stress vs. strain of core concrete and longitudinal steel of CFRP/GFRP retrofitted column
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3. CONCLUSIONS

In the present research, extensive nonlinear finite element analyses (FEA) were conducted to understand
the behavior of non-ductile RC circular columns retrofitted with different confinement ratio of CFRP and
GFRP jackets under monotonic and reversed cyclic loading. The nonlinear fiber elements were used in
FEA, which are based on cyclic constitutive models of longitudinal reinforcement and concrete confined
with lateral tie and FRP composites. Constitutive models of concrete confined with advanced composites
and lateral ties provide good agreement with numerical simulation results. From the numerical investigation,
the hysteretic results showed that column retrofit techniques with advanced composites can improve the
seismic performance of substandard RC columns in term of flexural strength and ductility.

Acknowledgements

The first author would like to acknowledge the financial support provided by Mitacs and POLYRAP
Engineered Solutions, Kelowna, Canada under the accelerate Ph.D. fellowship program and the Ministry
of Human Resources Development (MHRD), Govt. of India, New Delhi. The first author is also grateful to
the S. V. National Institute of Technology (SV NIT), Surat, Govt. of India to grant the study leave for the
Ph.D. program at the University of British Columbia (UBC), Canada. The experimental results were
provided by Prof. Kazuhiko Kawashima, Professor Emeritus, Department of Civil Engineering, Tokyo
Institute of Technology, Japan and Richelle G. Zafra, Department of Civil Engineering/Associate Dean,
College of Engineering and Agro-Industrial Technology University of the Philippines Los Banos, and they
are gratefully acknowledged.

References

Applied Technology Council. ATC-32, 1996. Improved seismic design criterial for California Bridges:
provisional recommendation. Report. Applied Technology Council, Redwood City, California.

CAN/CSA-S6-2014. Canadian Highway Bridge Design Code. Canadian Standards Association.
Mississauga, Ontario.

Chai, Y. H., Priestley, M.N.J., and Seible, F. 1991. Seismic retrofit of circular bridge columns for enhancing
flexural performance. AC/ Structural Journal, 88 (5): 572-584.

Chang, S., Li, Y. and Loh, C. 2004. Experimental study of seismic behaviors of as-built and
carbon fiber reinforced plastics repaired reinforced concrete bridge columns, J. of Bridge
Eng., ASCE 9(4), 391-402.

Demers, M., and Neale, K, W. 1999. Confinement of reinforced concrete columns with fiber-reinforced
composite sheets - an experimental study. Canadian Journal of Civil Engineering, 26:226-241.

Filippou, F. C., Popov, E. P., Bertero, V, V. 1983. Modelling of R/C joints under cyclic excitations. Journal of
Structural Engineering, ASCE, 109 (11): 2666-2684.

Ferracuti, B. And Savoia, M. 2005. Cyclic behavior of FRP-wrapped columns under axial and flexural
loading. Proceeding of the International Conference of Fracture, Turin, ltaly.

Gajdosova, K. and Juraj B. 2013. Full-scale testing of CFRP strengthened slender reinforced concrete
columns. Journal of Composite Construction, 17(2):239-248.

Haroun, M. A. and Elsanadedy, M. H. 2005. Fiber-reinforced plastic jackets for ductility enhancement of
reinforced concrete bridge columns with poor lap-splice detailing. Journal of Bridge Engineering, ASCE
10(6): 749-757.

Kawashima, K., Hosotani, M., and Yoneda, K. 2000. Carbon fiber sheet retrofit of reinforced concrete bridge
piers”, Proceedings of the International Workshop on Annual Commemoration of Chi-Chi Earthquake, Vol.
II-Technical Aspect, National Centre for Research on Earthquake Engineering, Taipei, Taiwan, ROC, 124-
135.

Kowalsky M. J. 2000. Deformation limit states for circular reinforced concrete bridge columns. Journal of
Structural Engineering, 126 (8):869-878.

Karbhari, V. M., and Gao, Y. 1997. Composite jacketed concrete under uniaxial compression-verification of
simple design equations. Journal of Material in Civil Engineering. 9 (4):185-193.

Mander, J. B., and Priestley, M. J. N., Park R. 1988. Theoretical stress-strain model for confined concrete,
Journal of Structural Engineering, 114 (8):1804-1826.

DPM-248-09



Building on Our Growth Opportunities May 27 — 30, 2015
Miser sur nos opportunités de croissance REGINA, SK

MacGregor, J. 2005. Reinforced concrete: Mechanics and Design, Pearson Prentice Hall, New Jersey,
USA, Fourth Edition.

Madas, P., and Elnashai, A. S. 1992. A new passive confinement model for the analysis of concrete
structures subjected to cyclic and transient dynamic loading. Earthquake Engineering and Structural
Dynamics, 21(5):409-431.

Madas, P. 1993. Advanced modelling of composite frames subjected to earthquake loading,” PhD Thesis,
London (UK): Imperial College, University of London.

Ma, R. and Xiao, Y. 1999. Seismic retrofit and repair of circular bridge columns with advanced composite
materials. Earthquake Spectra, 15(4):747-764.

Menegotto, M., Pinto, P. E. 1973. Method of analysis for cyclically loaded R.C. plane frames including
changes in geometry and non-elastic behaviour of elements under combined normal force and bending.
In: Symposium on the resistance and ultimate deformability of structures acted on by well-defined
repeated loads, International Association for Bridge and Structural Engineering, Zurich, Switzerland.15-
22.

Mirmiran, A., and Shahawy M. 1997. Dilation characteristics of confined concrete. Mechanics Cohesive
Frictional Materials, 2(3):237-249.

Moran, D. and Pantelides, C. 2002. Variable strain ductility ratio for fiber-reinforced polymer-confined
concrete, Journal of Composite Construction, 6(4):224-232.

Paulay, T., and Priestley, M. J. N. 1992. Seismic design of reinforced concrete and masonry buildings. New
York, J. Wiley.

Priestley, M. J. N. and Seible, F. 1995. Design of seismic retrofit measures for concrete and masonry
structures. Construction and Building Materials, 9(6):365-377.

Priestley, M. J. N., Seible, F., and Calvi, G. M. 1996. Seismic design and retrofit of bridge structures, Wiley,
New York.

Saadatmanesh, H., Ehsani, M. R., and Li, M.W. 1994. Strength and ductility of concrete columns externally
reinforced with fiber composite straps. AC/ Structural Journal, 91(4):434-447.

Samaan, M., Mirmiran, A., and Shahawy, M. 1998. Model of concrete confined by fiber composites. Journal
of Structural Engineering, ASCE, 124 (9):1025-1031.

Seible, F., Priestley, M. J. N., and Hegemier, G. A. 1997. Seismic retrofit of RC columns with continuous
carbon fiber jackets. Journal of Composite Construction. 1(2):52-62.

Seismosoft. SeismoStruct — 2015. A computer program for static and dynamic nonlinear analysis of framed
structures, V 7.02, [Online], available from URL:<www.seismosoft.com>.

Shin, M. 2012. Seismic retrofit and repair of reinforced concrete bridge columns using shape memory alloy
spirals. Ph.D. Thesis, The Graduate College of the University of lllinois at Urbana-Champaign. 1-274.

Spoelstra, M, R., and Monti, G. 1999. FRP-confined concrete model. Journal of Composite Construction.
ASCE, 3(3):143-150.

Yankelevsky, D. Z., Reinhardt, H. W. 1989. Uniaxial behavior of concrete in cyclic tension. Journal of
Structural Engineering, ASCE, 115(1):166-182.

Xiao, Y. and Wu, H. 2000. Compressive behavior of concrete confined by carbon fiber composite jackets.
Journal of Material in Civil Engineering, 12(2):139-146.

DPM-248-010



